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ABSTRACT 

Realization  of  the  full  potential  of  recoverable  air-breathing 
aerospace  vehicles  Mfhich  utilize  an  air  enrichment  system,  requires 
an  efficient  and  reliable  air  enrichment  unit  of  minimum  weight  and 
volume ,  The  purpose  of  this  study  is  to  advance  the  technology  of 
airborne  air  enrichment. 

Initial  steps  in  advancing  the  technology  for  airborne  air 
enrichment  were  taken  under  Contracts  AF  33 (61 6) -7509  and  AF  33 
(616)-7646.  Results  of  these  two  contracts  Indicated  that  distillation 
in  a  rotating  column  offered  the  highest  potential  for  meeting  the 
propulsion  system  requirements.  The  studies  described  in  this 
report  were  designed  to  advance  the  specialized  technology  for  this 
distillation  cycle  in  two  areas:  masstransfer  and  tray  hydraulics, 
and  boiling  and  condensing  heat  transfer.  Mechanical  component 
studies  were  also  performed  in  support  of  the  design  of  the  cryogenic 
boilerplate  air  separator.  A  fourth  program  applied  the  results  of  these 
studies  to  the  preliminary  design  of  a  full  size  flight-weight  separator. 

Results  of  these  investigations  have  confirmed  earlier,  less 
sophisticated,  studies  that  the  airborne  air  enrichment  unit  can  be 
designed  within  the  prescribed  goals.  Mass  transfer  efficiencies 
and  hydraulic  performance  of  distillation  trays  have  been  determined 
from  50  to  500  g’s.  Heat  transfer  experiments  performed  on  surfaces 
subjected  to  high  gravitational  fields  from  75  to  400  g's  produced  an 
order  of  magnitude  increase  in  performance  by  use  of  the  special  boiling 
surface  and  the  porous  condensing  surface.  Mechanical  studies 
resulted  in  design  information  for  a  peripheral  diffuser  and  seal, 
establishment  of  pressure  drop  correlations  for  two-phase  flow  in  high 
gravitational  fields  and  conception  of  a  stable,  internal  liquid  level 
control  system  for  a  rotating  device.  Results  of  these  experimental 
programs  have  been  utilized  in  the  parametric  studies  of  an  airborne 
air  separator.  These  studies  provide  the  latest  estimates  of  separator 
weight  and  volume  as  a  function  of  inlet  air  pressure  (180  to  245  psla), 
product  purity  (90  to  98  per  cent  oxygen  by  weight)#  and  waste  purity 
(9  6  to  98  per  cent  nitrlgen  by  weight),  all  at  a  constant  56,5  psla 


63  ASRP-2391 


iii 


SECRET 


ASD-TDR-63-665,  Part  I 


TABLE  OF  CONTENTS 


Section  Pjaqe 

1 . 0  INTRODUCTION  1 

1 . 1  Review  of  Distillation  1 

1 . 2  Review  of  Previous  Studies  4 

1 . 3  Current  Program  5 

2.0  SUMMARY  6 

2.1  Conclusions  6 

2. 2  Recommendations  7 

3 . 0  DISTILLATION  EXPERIMENTAL  AND  ANALYTICAL  8 

PROGRAM 

3 . 1  Introduction  8 

3 . 2  Summary  1 1 

3.3  Chronology  of  the  Experimental  Tray  Program  14 

3.3.1  Experimental  Equipment  1 4 

3 . 3 . 2  Initial  Tray  Experiments  14 

3.3.3  Effect  of  Coriolis  Acceleration  Upon  Tray  22 

Performance 

3.3.4  An  Operational  Downcomer  Tray  28 

3.3.5  Circumferential  Rotor  Experiments  3 2 

3.4  Analysis  and  Correlation  of  Data  32 

3.4.1  Data  Reported  3  2 

3.4.2  Segmental  Tray  Data  -  Hydraulics  35 

3. 4. 2.1  General  Comments  35 

3. 4. 2. 2  The  Dispersion  Mechanism  36 

3. 4. 2. 3  Vapor  Capacity  39 

3 . 4 . 2 . 4  Liquid  Capacity  and  Froth  Heights  44 

3. 4. 2. 4.1  The  Crest  Equation  44 

3.4.2.  4.2  Miscellaneous  Losses  48 

3. 4. 2. 5  Vapor  Phase  Pressure  Drop  51 

3. 4. 2. 5.1  Theoretical  Considerations  51 

3. 4. 2. 5. 2  Discharge  Coefficients  of  Perforated  Plates  54 

3. 4. 2. 5. 3  Volumetric  Foam  Density  Data  58 

3 . 4 . 2 . 6  Stability  and  Weeping  63 

3.4.3  Segmental  Tray  Data  -  Mass  Transfer  64 

3. 4. 3.1  General  Considerations  Involving  the  Point 

Efficiency  64 

3 . 4 . 3 . 2  The  UCON  Fluid  'Fr=,,  Fffidcr.cy 


63  ASRP-2391 
iv 


SECRET 


ASD-TDR-63-665,  Part  I 


TABLE  OF  CONTENTS  (Continued) 


SepLlSD 


3.4,4  Circumferential  Tray  Tests 

3 .4.4.1  Hydraulics 

3. 4. 4. 2  Mass  Transfer 

4.0  HEAT  TRANSFER  EXPERIMENTAL  AND  ANALYTICAL 
PROGRAM 

4.1  Introduction 

4.2  Summary 

4.3  Pool  Bolling  at  Normal  Gravity  and  Elevated 
Pressures 

4.3.1  Test  Objectives 

4.3.2  Pool  Boiling  Apparatus 

4.3.3  Pool  Boiling  Results 

4,4  Bolling  and  Condensing  Studies  in  High-G 
Cryostat 

4.4.1  Test  Program 

4.4.1 .1  Condensation  Inside  Smooth  Tubes  -  Test  1 
4. '4.1 .2  Condensation  Outside  Smooth  Tubes  -  Test  2 

4. 4. 1.3  Condensation  Inside  Helical -Grooved  Tubes - 
Test  3 

4. 4. 1.4  Condensation  Inside  Copper  and  Aluminum 
Porous  Condensing  Surface  Tubes  -  Tests  4  & 

4. 4. 1.5  Condensation  Inside  Tubes  with  Non -wetted 
Surface  -  Test  6 

4. 4. 1.6  Bolling  On  An  Untreated  Aluminum  Surface  - 
Test  7 

4.4.2  High-G  Cryostat  Apparatus 

4.4.3  High-G  Cryostat  Specimen 

4.4.3. 1  Specimen  Size 

4.4.3. 2  Specimen  Orientation 

4. 4. 3. 3  Specimen  Materials  of  Construction 

4. 4. 3. 4  Specimen  Design  Details 

4.4.4  Hlgh-G  Cryostat  Test  Fluid 

4.4.5  High-G  Cryostat  Data  Reduction 

4 . 4 . 5 . 1  Condensation  Data  Reduction 

4. 4. 5.1 .1  Calculation  of  Theoretical  Condensing 
Coefficient 

4. 4. 5.1 .2  Calculation  of  Experimental  Condensing 
Coefficient 


5  104 
108 


63  ASRP-2391 


SECRET 


^  Jill  i*m-iijir - - 


SE€*1T 

ASD-TDR-63-665,  Part  I 

TABLE  OF  CONTENTS  (Continued) 


Section  Page 


4 . 4 , 5 . 2  Boiling  Data  Reduction  131 

4,4.6  High  G  Cryostat  Results  and  Conclusions  131 

4. 4. 6.1  Condensation  Inside  of  Smooth  Tubes  -  131 

Test  1 

4.4. 6. 2  Condensation  Outside  of  Smooth  Tubes  -  131 

Test  2 

4. 4. 6. 3  Condensation  Inside  Helical  Grooved  Tubes  -  136 

Test  3 

4. 4. 6. 4  Condensation  Inside  Tubes  with  Copper  136 

Porous  Condensing  Surface  -  Test  4 

4.4. 6.5  Condensation  Inside  Tubes  with  an  143 

Aluminum  Porous  Condensing  Surface  Test  5 

4.4. 6. 6  Condensation  Inside  Tubes  with  a  Non -Wetted  147 
Surface  -  Test  6 

4.4. 6.7  Boiling  on  an  Untreated  Aluminum  Surface  -  147 

Test  7 

4.5  Pilot -Scale  Rebciler-Condenser  155 

4.5.1  Rotor  Design  156 

4.5.2  Dimensions  and  Configuration  of  Test  Rotor  159 

4.5.3  Instrumentation  160 

4.5.4  Selection  of  Test  Fluid  1 63 

4.5.5  Experimental  Data  168 

4.5.6  Data  Reduction  170 

4.5. 6.1  Mathematical  Heat  Transfer  Model  170 

4 . 5 . 6 . 2  Analysis  of  Experimental  Heat  Transfer  Data  1 87 

4. 5. 6. 3  Comparison  of  Experimental  Data  with  188 

Theoretical  Model 

4.5. 6.4  Fluid  Flow  191 

5.0  EXPERIMENTAL  PROGRAM  IN  SUPPORT  OF  198 

MECHANICAL  DESIGN  OF  BOILERPLATE  SEPARATOR 

5.1  Introduction  198 

5.2  Summary  198 

5.3.1  Peripheral  Seal  Design  Considerations  200 

5.3.2  Peripheral  Seal  Experimental  Apparatus  205 

5.3.3  Peripheral  Seal  Experiments  208 

5.3.4  Results  216 


63  ASRP-2391 


SECRET 


ASD-TOR-63-665,  Part  I 

TABLE  OF  CONTENTS  (Continued) 


Section  Page 

5,4  Peripheral  Diffuser  216 

5.4.1  Stationary  Diffuser  Study  216 

5.4. 1.2  Design  and  Operation  216 

5.4.2  Rotating  Diffuser  Study  224 

5.4. 2.1  Peripheral  Diffuser  Design  224 

5. 4. 2. 2  Peripheral  Diffuser  Tests  235 

5 . 4 . 2 . 2 . 1  Free  Vortex  Diffusion  235 

5. 4. 2. 2. 2  Diffusion  System  With  Eight  Blades  235 

5.4. 2.2.3  Diffuser  System  as  Designed  -  Type  1  240 

5. 4. 2. 2. 4  Diffuser  System  Type  2  with  Removal  of 

Inside  Blade  Ends  of  Type  1  243 

5 . 4 . 2 . 2 . 5  Diffuser  System  of  Type  2  with  Increase  in 

Angle  Between  Diffuser  Axis  and  Rotor  Tangent  243 

5.4. 2.3  Rotating  Diffuser  Results  247 

5.5  Pressure  Drop  in  Two-Phase  Flow  Against  a 

Gravitational  Field  250 

5.5 .1  Analysis  250 

5.5.2  Air-Water  Experimental  Program  252 

5.5.3  UCON  Fluid  Experimental  Program  260 

5.5.4  Pressure  Drop  Results  for  Two  Phase  Flow  262 

5.6  Internal  Control  System  262 

5.6.1  Control  System  Description  and  Analysis  262 

5.6.2  Detail  Design  of  Control  System  for  UCON 

Fluid  Test  267 

5.6.3  Design  of  UCON  Fluid  Control  System  Test  Rotor  274 

5.6.4  UCON  Fluid  Control  System  Tests  276 

5.7  Instrumentation  277 

5.7.1  Pressure  Transducers  277 

5.7.2  Experimental  Work  -  Optical  Systems  279 

5 . 7 . 3  Vibration  Monitor  282 

5.8  Reboiler-Condenser  Fabrication  Problems  282 

5 . 8 . 1  Basic  Considerations  282 

5.8.2  Foil  Type  Heat  Exchanger  Surface  Program  284 

5.8.3  Soldering  Experiments  291 

6.0  PRELIMINARY  DESIGN  AND  ANALYSIS  293 

6.1  Introduction  293 

b.z  Suinvucry  294 


vil 


SECRET 


ASD'‘TDR-63-665,  Part  I 

TABLE  OF  CONTENTS  (Continued) 

Section  Page 

6. 3  Weight  and  Volume  Analysis  297 

6.3.1  General  297 

6.3.2  Stationary  System  Cycle  Studies  298 

6. 3. 2.1  Parametric  Trends  in  the  Stationary  System  298 

6. 3. 2. 2  Cycle  Improvements  for  the  Stationary  System  302 

6.3.3  Rotary  System  Studies  304 

6.3.3. 1  Process  Description  of  Rotary  Air  Separator  304 

6 . 3 . 3 . 2  Computer  Analysis  308 

6. 3. 3. 3  Optimum  Rotational  Speed  308 

6. 3. 3. 4  Inlet  Pressure  Perturbation  309 

6 . 3 . 3 . 5  Waste  Purity  Perturbations  314 

6. 3. 3. 6  Low  Pressure  Column  Pressure  Perturbation  314 

6. 3. 3. 7  Product  Purity  Perturbations  319 

6. 3. 3. 8  Optimum  Arrangement  of  Components  326 

6. 3. 3. 9  Multiple  Unit  Assessment  329 

6.3.4  Determination  of  System  Weight  and  Volume  333 

6. 3. 4.1  Component  Process  Stress  Requirements  333 

6. 3. 4. 2  System  Weight  and  Volume  Mapping  337 

6. 3. 4. 3  Weight  and  Volume  Confidence  Level  Estimates  346 

6. 3. 4. 4  Separator  Design  Optimization  355 

6. 3. 4. 5  Separator  Heat  Load  and  the  Reflux  Condenser  355 

6. 4  System  Horsepower  357 

6 . 5  Scaling  Effects  358 

6.5.1  General  358 

6.5.2  Separator  Size  359 

6. 5 . 3  Separator  Performance  359 

6. 5. 3.1  Cycle  359 

6. 5 . 3 . 2  Rotor  362 

6. 5. 3. 3  Low  Pressure  Column  362 

6. 5 . 3 . 4  High  Pressure  Column  363 

6 . 5 . 3 . 5  Reboiler-Condenser  363 

6. 5 . 4  Weight  and  Volume  363 

6.5.5  Reliability  364 

6.6  Minor  Constituent  Effects  365 

6.6.1  General  365 

6.6.2  Water  Vapor  365 

6.6.3  Carbon  Dioxide  365 

6.7  Transient  Study  and  Off- Design  Performance  366 

63  ASRP-2391 

viii 


SECRET 


ASD-TDR-63-665,  Part  I 


TABLE  OF  CONTENTS  (Continued) 

Section  Page 


6.7.1  General  366 

6.7.2  Start-up  Performance  367 

6.7.3  Off-Design  Operation  367 

6 . 7 . 4  Shutdown  372 

6.8  Boiling  Surface  and  Condensing  Surface  Treatments  372 

6.8.1  General  372 

6.8.2  Surface  Treatment  Evaluation  372 

6.8.3  Reboiler-Condenser  Sizing  374 

6.9  Reliability  376 

6.9.1  General  376 

6.9.2  Product  Reliability  377 

6.9. 2.1  General  Design  Requirements  377 

6 . 9 . 2 . 2  Design  Reliability  of  Components  379 

6.9. 2.3  Fabrication  Reliability  380 

6.9.3  Operation  Reliability  381 

6.9.4  Mission  Reliability  382 


63  ASRP-2391 
ix 


SECRET 


A8D-TDR-63-665,  Part  I 


LIST  OF  APPENDIXES 

Appendix  Page 

I  UCON  Fluid  Experimental  Equipment  and  385 

Segmental  Tray  Rotors 

II  UCON  Fluid  Properties  395 

III  Segmental  Tray  Data  405 

IV  Circumferential  Tray  Data  433 

V  Circumferential  Tray  UCON  Fluid  Test  Rotor  435 

VI  Derivation  of  Equation  for  Calculation  of  443 

Condensate  Drainage  Blanketing 

VII  Derivation  of  Condenser  Tube  Equation  447 

VIII  Design  and  Fabrication  of  UCON  Fluid  Heat  451 

Transfer  Test  Rotor 

IX  Computer  Program  for  Integration  of  System  of  459 

Four  Differential  Equations  Describing  Heat 
Transfer  in  UCON  Fluid  Rotor 

X  Theoretical  Discussion  of  the  Centrifugal  Seal  471 

XI  Computer  Program  for  Evaluation  of  Tvfo  Phase  477 

Pressure  Drop  Against  a  Gravitational  Field 

XII  Control  Valve  System  483 

XIII  Stationary  Column  Results  495 

XIV  Low  Pressure  Column  Design  Computer  Program  513 

XV  High  Pressure  Column  Design  Computer  Program  519 


63  ASRP-2391 

X 


SECRET 


ASD-TDR-63-66S,  Part  I 


LIST  OF  APPENDIXES  (Continued) 


Aooendlx 

Page 

XVI 

Distillation  Column  Solution  as  a  Function 
of  Superficial  Vapor  Velocity 

529 

x'.ai 

Air  Separator  -  Weight,  Volume,  and  Horse¬ 
power  Computer  Program  and  Sample 
Calculations 

533 

XVIII 

Communications  from  General  Dynamics/ 
Astronautics 

577 

63  ASRP-2391 


xl 


SECRET 


ASD-TDR-63-665, 


Part  I 


UST  OF  FIGURES 


Figure  No.  Page 

1  Fundamentals  of  Distillation  2 

2  UCON  Fluid  Test  Set  Up  15 

3  Test  Series  F,  G,  M-C,  M-F  Ripple  Tray  18 

4  Test  Series  H  Ripple  Tray  19 

5  Run  M-C-1  Ripple  Tray  Rotation  20 

6  Run  M-C-8  Ripple  Tray  Rotation  20 

7  Test  Series  A,  B,  C  Downcomer  Tray  21 

8  Test  Series  D  Downcomer  Tray  23 

9  Test  Series  E  Downcomer  Tray  24 

10 

11  Test  Series  S-A,  S-B,  S-C,  S-D  Flat  Tray  27 

12  Test  Series  M-A  M-B  Co-Rotational  Flow  29 

Downcomer  Tray 

13  Test  Series  M-D,  M-E  Contra -Rotational  Flow  30 

Downcomer  Tray 

14  Test  Series  S-E,  S-F  Contra -Rotational  Flow  31 

Downcomer  Tray 

15  Circumferential  Tray  Configuration  33 

16  Correlation  Maximum  Allowable  Vapor  Velocity  42 

17  Comparison  of  Air  Water  and  UCON  Fluid  43 

Flooding  Criteria 

18  Tray  Liquid  Flow  44 

19  Influence  of  Gravitational  Field  on  Crest  Height  46 

Using  UCON  Fluid 

20  Influence  of  Liquid  Rate  on  Crest  Height  Using  47 

UCON  Fluid 

21  Froth  Height  Correlation  Using  UCON  Fluid  49 

22  Foam  Height  Correlation  Comparison  Using  Air-  50 

Water  and  UCON  Fluid 

23  Tray  Pressure  Drop  52 

24  Orifice  Coefficient  versus  Reynolds  Number  5  6 

25  Orifice  Coefficient  -  Summary  Corre U: ■ , ni  57 

26  Influence  of  System  Variables  Upon  Tray  Pressure  59 

Drop 

27  Foam  Density  Correlation  61 

28  Air  Water  UCON  Fluid  Foam  Density  Comparison  62 

29  Tray  Weeping  63 

30  Tray  Stability  Criteria  65 


63  ASRP-2391 


SECRET 


ASD^TDR-63-66S,  Part  I 


LIST  OF  FIGURES 


Figure  No. 


31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

'  43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 


Page 


Vapor-Liquid  Equilibrium  Data,  UCON12,  69 

UCON  114. 

Efficiency  Correlation  UCON  12-114  73 

Foam  Height  Correlation  UCON  21-114  7  6 

Flooding  Correlation  UCON  21-114  79 

Weeping  Correlation  UCON  21-114  80 

Efficiency  Correlation  UCON  21-114  83 

Heat  Transfer  Surface  and  Headerlng  86 

Pool  Bolling  Apparatus  90 

Pool  Boiling  Test  Specimen  91 

Correlated  Pool  Boiling  Data  Linde  Boiling  93 

Surface  Applied  To  Copper 

Correlated  Pool  Boiling  Data  at  1  atm.  Linde  95 

Boiling  Surface  Applied  to  Aluminum 

Correlated  Pool  Boiling  Data  at  Elevated  Pressure  96 

Linde  Boiling  Surface  Applied  to  Aluminum 

Cross  Section  of  High  G  Cryostat  98 

Heat  Exchanger  for  Condensation  Inside  Smooth  100 

Tubes  -  Test  No.  1 

Heat  Exchanger  for  Condensation  Outside  Smooth  102 
Tubes  -  Test  No.  2 

Typical  Tube  Condensation  on  Helical  Weirs  -  103 

Test  No.  3 

Porous  Condensing  Surface  Flow  105 

Specimen  and  Flange  for  Boiling  on  an  Untreated  111 
Aluminum  Surface  -  Test  No.  7 

High  G  Cryostat  112 

Equipment  Arrangement  for  High  G  Cryostat  113 

Transfer  Tests  (Boiling  and  Condensing) 

Precision  Device  to  Conduct  Thermocouple  EMF  115 
Average  Percent  Blanketing  Inside  .250"  I. D.  118 

Tube 

Condensing  Blanketing  in  Tubes  122 

Nusselt  Theoretical  Condensing  Film  Coefficient  126 
Inside  .250"  I.  D.  Tube 

Nusselt  Theoretical  Condensing  Film  Coefficient  127 
Inside  .305”  I.  D.  Tube 

Nusselt  Theoretical  Condensing  Film  Coefficient  128 
Outside  .375"  O.  D.  Tube  co  rodd  oiqi 


xill 


SECRET 


ASD-TDR-63-665,  Part  I 


Fiaure  No. 

LIST  OF  FIGURES 

Page 

57 

Condensing  Paraneter  Ratio  for  Nitrogen 

129 

58 

Condensation  Inside  .250"  I.  D.  Smooth 

Tubes 

132 

59 

Condensation  Outside  .375"  O.  D.  Smooth 
Tubes 

134 

60 

Condensation  Inside  .  250"  I.  D.  Helical 
Grooved  Tubes 

137 

61 

Condensation  Inside  .250"  I.  D.  Tubes 

Coated  with  a  Porous  Surface 

139 

62 

Condensation  Inside  .305"  I.  D.  Aluminum 
Tubes  Coated  with  an  Aluminum  Porous 
Condensing  Surface 

144 

63 

Condensation  Inside  .305"  I.  D.  Aluminum 

Tubes  Coated  with  an  Aluminum  Porous 
Condensing  Surface 

145 

64 

Condensation  Inside  .25  0"  I.  D.  Tubes  coated 
with  a  Teflon  Surface 

148 

65 

Boiling  N2cn  2-7/8"  Diameter  Untreated 
Aluminum  Disk 

150 

66 

Comparison  of  O2-N2  Bolling  Data 

151 

67 

Boiling  Heat  Transfer  to  Liquid  Nitrogen 

153 

68 

Boiling  Heat  Transfer  to  Liquid  Oxygen 

154 

69 

UCON  Fluid  Heat  Transfer  Disk  after  Brazing 

161 

70 

Basic  UCON  Flow  Circuit 

162 

71 

Gibbs -Kelvin  Boiling  Parameter  for  Various 

UCON  Fluids 

165 

72 

Nusselt  Condensing  Parameter  for  Various 

UCON  Fluids 

166 

73 

Optimum  Operating  Pressures  for  UCON  fluids 

167 

74 

Pilot  Scale  Reboiler-Condenser,  UCON  fluid 
Test  Rotor,  Tube  Configuration 

171 

75 

Sketch  of  Tube  Section 

172 

76 

Relationship  of  Tube  Angles 

175 

77 

Theoretical  Heat  Transfer  per  Foot  of  tube  in 
UCON  Test  Rotor  vs.  Transverse  Acceleration 

180 

78 

Theoretical  Reduction  of  Heat  Transfer  in  UCON 
Fluid  Test  Rotor  due  to  Condensate  Blanketing 

181 

63  ASRP-2391 


xlv 


SECRET 


ASD-TPR-63-66S,  Part  I 


LIST  OF  FIGURES 


Figure  No. 


79 

80 
81 
82 


83 


84 

85 


86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 
101 
102 

103 

104 


Theoretical  Mean  Blanketing  Angle  in  UCON  183 
Fluid  Test  Rotor  Tubes 

Determination  of  Exponent,  m  for  theoretical  184 
Heat  Transfer  in  Test  Rotor 

Determination  of  Exponent  m  for  theoretical  185 
Heat  Transfer  in  Test  Rotor 

Average  Theoretical  Heat  Transfer  in  UCON  186 
Fluid  rotors  vs.  Average  Transfer  accelera¬ 
tion  and  average  overall  temperature  difference 
Data  Analysis  on  UCON  Fluid  Heat  Transfer  189 
Rotor  Ratio  of  Experimental  to  Predicted 
Performance 

Pressure  Buildup  in  Condensing  Passage  192 

Pressure  Rise  in  the  Boiling  Passage  vs.  194 


Boilup  Vapor  flow  and  average  gravitational 
Field 

Pressure  Rise  Transition  Points  for  Two-Phase  196 


Flow  in  the  Boiling  Passage 

Smoothed  Data  on  Pressure  Rise  Through  the  197 
Bolling  Passage 

Centrifugal  Seal  Configuration  202 

Contact  Type  Peripheral  Seal  Design  203 

Contact  Type  Peripheral  Seal  Design  204 

Layout  of  Peripheral  Diffuser  and  Rotary  Seal  206 
Tester 

Flow  Circuit  &  Instrumentation  For  Seal  and  207 
Diffuser  Tests 

Double  Seal  Packing  Ring  Type  Contact  Seal  209 
Blade  Type  Centrifugal  Seals  210 

Centrifugal  Seal  Pressure  Capability  212 

Centrifugal  Seal  Power  Consumption  .  213 

Seal  Leakage,  1/8  inch  Blade  Depth  214 

Seal  Leakage  1/16  inch  Blade  Depth  215 

Centrifugal  Seals  Mounted  on  Rotor  217 

Centrifugal  Seals  Mounted  on  Rotor  218 

Flow  Diagram  Stationary  Diffuser  Test  220 

Original  Design  of  Stationary  Diffuser  221 

Final  Stationary  Diffuser  Configuration  222 

Stationary  Diffuser  Performance  223 


63  ASRP-2391 


X'.’ 


SECRET 


UST  OF  FIGURES 


A^-TDR-63-665,  Part  I 


Fiaure  No. 

Page 

105 

Rotary  Tester  for  Peripheral  Seal  and  Diffuser 
Teats 

225 

106 

General  Diffuser  Configuration 

224 

107 

Diffuser  Configurations 

228 

108 

Diffuser  Passage  Ring 

229 

109 

Diffuser  Exit 

230 

110 

Diffuser  Mounted  on  Tester 

231 

111 

Diffuser  Passage 

232 

112 

Diffuser  Passage 

223 

113 

Ideal  Kinetic  Head  in  Diffuser  Throat 

234 

114 

Ideal  Throat  Reynolds  Number 

234 

115 

Vaneless,  Free  Vortex  Diffusion  (without 
inclusion  of  inlet  exit  expansion  loss) 

236 

116 

Vaneless  Free  Vortex  Diffusion 

237 

117 

Orifice  Slot  Propelling  Blades 

238 

118 

Modified  Free-Vortex  Diffuser  (8  blades) 

239 

119 

Diffuser  Performance  Configuration  as 
Designated  Type  1 

241 

120 

High  Loss  Region  at  Orifice  Slot 

242 

121 

Inlet  Conditions  with  Slip 

242 

122 

Vector  Representation  of  Slip 

240 

123 

Diffuser  Performance  Configuration  Type  2 
Shortened  Blade  Ends 

244 

124 

Pivoted  Diffuser  Blade  Installation 

245 

125 

Diffuser  Performance  Configuration  Type  2 
with  Increase  in  Slip 

246 

126 

Calculated  Slip  Characteristics  Rotary  Air- 
Water  Tester 

248 

127 

Orifice  Slot  Propelling  Blades 

249 

128 

Two  Phase  Flow  Test  Section 

253 

129 

Two  Phase  Flow  Test  Section  Schematic 

254 

130 

Two  Phase  Flow 

256 

131 

Two  Phase  Flow 

257 

132 

Two  Phase  Volumetric  Liquid  Fraction 

Water  Data 

259 

133 

Two  Phase  Flow  against  Gravitational  Field 
Predicted  vs.  Measured  aP  for  UCON  Fluid 

261 

63  ASRP- 

2391 

xvi 


SECRET 


LIST  OF  FIGURES 


Flyura  No. 

Page 

134 

Two  Phase  Volumetric  Liquid  Fraction-^L 

Air  Water  and  UCON  Fluid  Data 

263 

135 

Schematic  of  Kettle  Liquid  Level  Control 

System 

265 

136 

Response  of  Kettle  Transfer  Model  to  a  Flow 
Impulse 

266 

137 

Schematic  of  Modified  Heater  Design  for  UCON 
Fluid  Rotor 

268 

138 

Prototype  Control  Valve 

270 

139 

Control  Valve  Orifice  Opening  vs.  Signal 
Pressure  Calibration  Curve 

271 

140 

Prototype  Valve  Flow  Calbiration  with  Water 

27  2 

141 

Exploded  View  of  Prototype  Control  Valve 

273 

142 

UCON  Fluid  Control  System  Test  Rotor 

Schematic 

275 

143 

Schematic  of  Variable  Reluctance  Differential 
Pressure  Transducer 

278 

144 

Transducer  Hookup  Schematic 

280 

145 

Calibration  Curve  for  Pace  P7  Transducer 

0-5  0  psi  in  Liquid  Nitrogen 

281 

146 

Vibration  Monitor  Schematic 

283 

147 

Stamped  Foil  Heat  Exchanger 

285 

148 

Die  For  Stamping  Process 

287 

149 

Foil  Failure  During  Stamping 

290 

150 

Effect  of  Plastic  Deformation  on  Properties 
of  Thin  Gage  Copper  vs.  Annealing  Temperature 

292 

151 

Double  Column  Air  Separator 

299 

152 

Preliminary  Mass  Flowsheet  for  Full  Size 
Separator  Cycle 

305 

153 

Full  Size  Air  Separator  (Section  View) 

306 

154 

Optimum  Rotational  Speed 

310 

155 

Inlet  Pressure  Peituibation  -  Low  Pressure 
Column  Trays 

311 

156 

Inlet  Pressure  Perturbation  -  Reboiler- 
Condenser  Heat  Transfer  Area 

312 

157 

Inlet  Pressure  Perturbation  -  Heat 

Exchanger  Dulles 

313 

xvli 


63  ASRP-2391 


SECRET 


ASD-T-BR-63-66S,  Part  I 


Fiqure  No 

UST  OF  FIGURES 

Ll 

-Paq$ 

158 

Waste  Purity  Perturbation  -  Low  Pressure 

315 

159 

Column  Trays 

Waste  Purity  Perturbation  -  Reboiler- 

316 

160 

Condenser  Heat  Transfer  Area 

Waste  Purity  Perturbation  -  Heat  Exchanger 

317 

161 

Duties 

Sketch  of  Low  Pressure  Column  Pressure 

318 

162 

Perturbation  -  Fixed  Rotational  Speed,  Variable 
Waste  Pressure  -  Low  Pressure  Column  Trays 
and  Reboller  Condenser  Heat  Transfer  Area 

Sketch  of  Low  Pressure  Column  Pressure 

318 

163 

Perturbation  -  Fixed  Rotational  Speed,  Variable 
Waste  Pressure  -  Heat  Exchanger  Duties 

Low  Pressure  Column  Pressure  Perturbation  - 

320 

164  • 

Variable  Rotational  Speed,  Fixed  Waste 

Pressure  -  Low  Pressure  Column  Trays 

Low  Pressure  Column  Pressure  Perturbation  - 

321 

165 

Variable  Rotational  Speed,  Fixed  Waste 

Pressure  -  Reboiler -Condenser  Heat  Transfer 

Area 

Low  Pressure  Column  Pressure  Perturbation  - 

322 

166 

Variable  Rotational  Speed,  Fixed  Waste 

Pressure  -  Heat  Exchanger  Duties 

Product  Purity  Perturbation  -  Low  Pressure 

323 

167 

Column  Trays 

Product  Purity  Perturbation  -  Reboller - 

324 

168 

Condenser  Heat  Transfer  Area 

Product  Purity  Perturbation  -  Heat  Exchanger 

325 

169 

Duties 

Separate  Component  Weight  Trend 

328 

170 

Specific  Weight  and  Volume  of  Single  Separator 

330 

171 

versus  Air  Throughput  Capacity 

Specific  Weight  and  Volume  of  Multiple  Parallel 

332 

172  , 

Separators  (including  interconnecting  piping) 
Separator  Weight  -  Product  Oxygen  Purity  equals 

338 

90  per  cent  by  Weight 

63  ASRP-2391 


xvlli 


SECRET 


ASD-TDR-63-665,  Part  I 


UST  OF  FIGURES 


Fiaure  No. 

Pace 

173 

Separator  Weight  -  Product  Oxygen  Purity  equals 
95  per  cent  by  Weight 

339 

174 

Separator  Weight  -  Product  Oxygen  Purity  equals 
98  per  cent  by  Weight 

340 

175 

Separator  Volume 

341 

176 

Separator  Weight  and  Volume  -  Product  Oxygen 
Purity  equals  90  per  cent  by  Weight 

343 

177 

Separator  Weight  and  Volume  -  Product  Oxygen 
Purity  equals  95  per  cent  by  Weight 

344 

178 

Separator  Weight  and  Volume  -  Product  Oxygen 
Purity  equals  98  per  cent  by  Weight 

345 

179 

Pictorial  View  of  Separator  Weight  and  Volume  - 
Surface  Functions 

347 

1.80 

Separator  Weight  and  Volume  -  Waste  Nitrogen 
Purity  equals  96  per  cent  by  Weight 

348 

181 

Separator  Weight  and  Volume  -  Waste  Nitrogen 
Purity  equals  97  per  cent  by  Weight 

348 

182 

Separator  Weight  and  Volume  -  Waste  Nitrogen 
Purity  equals  98  per  cent  by  Weight 

349 

183 

Separator  Weight  and  Volume  -  Separator  Inlet 
Pressure  equals  180  psla 

349 

184 

Separator  Weight  and  Volume  -  Separator  Inlet 
Pressure  equals  200  psia 

350 

185 

Separator  Weight  and  Volume  -  Separator  Inlet 
Pressure  equals  245  psia 

350 

186 

Full  Scale  Flight  Weight  Air  Enrichment  Unit 
Estimated  Unit  Weight  and  Volume 

353 

187 

Separator  Payload  Effect 

356 

188 

UCON  Fluid  Test  Rotor 

388 

189 

UCON  Fluid  Test  Rotor 

389 

190 

Phase  Equilibria  of  UCON  114-UCON21  at  54.5 
psia  (actual  laboratory  data) 

399 

191 

Activity  Coefficient  vs.  Mole  Fraction  114  and 
X-Y  Diagram  n  =60  psia 

400 

63  ASRP-2391 


xlx 


SECRET 


J^E>-T&R-63-66S,  Part  I 

LIST  OF  FIGURES 


Figure  No. 


192  Vapor  Pressure  vs.  Temperature^  UCONFliuds  400 

193  Liquid  Viscosity,  UCON  Fluids  401 

194  Vapor  Viscosity  @  1  atm.  UCON  Fluids  401 

195  Liquid  Density,  UCON  Fluids  402 

196  Vapor  Density  @  Saturation,  UCON  Fluids  402 

197  Surface  Tension  vs .  Temperature,  UCON  403 

Fluids 

198  Diffusion  Coefficients,  UCON  21-114  403 

199  Diffusion  Coefficients,  UCON  12-114  404 

200  Circumferential  Tray  UCON  Test  Rotor  436 

201  Circumferential  Tray  Ring  Assembly  438 

202  Assembly  Operation  -  Circumferential  Tray  440 

203  Final  Assembly  of  Brazed  Tray  IVithin  Walls  441 

204  Derivation  of  Condenser  Tube  Equation  448 

205  UCON  Heat  Transfer  Test  Rotor  452 

206  Distributor  Orifice  Configuration  453 

207  Curved  Heat  Transfer  Tube  for  UCON  Test  457 

Rotor 

208  Condenser  Tube  Section  -  UCON  Fluid  460 

Testv-r 

209  Solutions  for  Top  of  Tube  461 

210  Solutions  for  Bottom  of  Tube  462 

211  Crossplot  of  Solutions  for  Bottom  of  Tube  463 

212  Computer  for  Integration  of  System  of  Four  466-467 

Differential  Equations  Describing  Heat 

Transfer  in  UCON  Fluid  Test  Rotor 

213  Sketch  of  Centrifugal  Seal  471 

214  Centrifugal  Seal  -  Rise  in  Casing  Pressure  473 

215  Computer  Program  for  Evaluation  of  Two-  482 

Phase  Pressure  Drop  Against  a  Gravitational 

Field 

216  Block  Diagram  of  Transfer  Valve  Control  484 

System 

217  Kettle  Schematic  485 

218  Orifice  Opening  489 


63  ASRP-2391 

XX 


SECRET 


UST  OF  FIGURES 


ASO-TDR-63-e65,  Part  I 


Figure  No. 


Page 


219  Low  Pressure  Column  Design  Comi-uier  514-515 

Program 

220  High  Pressure  Column  Computer  Program  520-521 

Flowsheet 

221  High  Pressure  Column  Computer  Program  Flow-  522 

sheet,  Tray  Equilibrium  Subroutine 


63  ASRP-2391 


xxl 


SECRET 


ASD-TDR-63-665,  Part  I 


LIST  OF  TABLES 

Table  No.  Page 

1  System  Properties  -  Air-Water,  UCON  12-114,  12 

UCON  21-114,  and  Liquid  Air 

2  Geometric  Tray  Configurations  17 

3  Circumferential  Tray  Geometry  34 

4  Orifice  Coefficients  of  Sieve  Trays  55 

5  Flooding  Points  for  Circumferential  Trays  78 

6  Condensation  Inside  Smooth  Tubes  -  Test  1  133 

7  Condensation  Outside  Smooth  Tubes  -  Test  2  135 

8  Condensation  Inside  Helical  Grooved  138 

Tubes  -  Test  3 

9  Condensation  Inside  Tubes  with  Copper  140 

Porous  Condensing  Surface  -  Test  4 

10  Condensation  Inside  Tubes  with  Aluminum  146 

Porous  Condensing  Surface  -  Test  5 

11  Condensation  Inside  Tubes  Coated  with  a  149 

Teflon  Surface  -  Test  6 

12  Bolling  Data  for  Liquid  Nitrogen  and  Liquid  152 

Oxygen  on  a  Smooth  Aluminum  Surface  -  Test  7 

13  Pilot  Scale  Reboiler-Condenser  Experimental  169 

Data 

14  Theoretical  Heat  Transfer  in  UCON  Fluid  178 

Test  Rotor 

15  Angle  Between  Fluid  Velocity  Vector  and  227 

Rotor  Tangent 

16  Annealing  Temperatures  of  Foil  Samples  288 

17  Experimental  Data  for  First  Drawing  of  Foil  288 

18  Experimental  Data  for  Second  Drawing  of  Foil  289 

63  ASRP-2391 

xxii 


SECRET 


ASD-TDR- 63-665,  Part  I 


UST  OF  TABLES 


Table  No. 

Page 

19 

Air  Separator  Cycle  Study  Summary  (Non- 
Rotating  System) 

300 

20 

Weight  and  Volume  Mapping  Summary 

342 

21 

Confidence  Level  Design  Criteria 

352 

22 

Final  Confidence  Level  Estimates  of  Weight 
and  Volume 

354 

23 

Separator  Size  Comparison 

360 

24 

Separator  Performance  Comparison 

361 

25 

Theoretical  Cycle  Study  with  Separator  Inlet 
Pressure  Deviation 

368 

26 

Separator  Performance  with  Inlet  Pressure 
Deviation 

369 

27 

Theoretical  Cycle  Study  with  Separator 

Waste  Pressure  Deviation 

371 

28 

Reboiler-Condenser  Heat  Transfer  Charac¬ 
teristics 

375 

29 

UCCN  Fluid  Flow  System  Significant  Sizes 

391 

30 

Segmental  Tray  Data  -  Series  A 

405 

31 

Segmental  Tray  Data  -  Series  B 

406 

32 

Segmental  Tray  Data  -  Series  C 

408 

33 

Segmental  Tray  Data  -  Series  D 

410 

34 

Segmental  Tray  Data  —  Series  E 

411 

35 

Segmental  Tray  Data  -  Series  F 

412 

36 

Segmental  Tray  Data  -  Series  G 

414 

37 

Segmental  Tray  Data  -  Series  H 

416 

63ASRP-2391 


i 

4 

i 

!  I 

I  J 
1  i 

*  i 


XXiJi 


SECRET 


,^S5»fB8*»63-665,  I 

LIST  GF  TABLES 

Table  No. 

Page 

38 

Segmental  Tray  Data  -  Series  S-A 

417 

39 

Segmental  Tray  Data  -  Series  S-B 

419 

40 

Segmental  Tray  Data  -  Series  S-C 

421 

41 

Segmental  Tray  Data  -  Series  S-D 

423 

42 

Segmental  Tray  Data  -  Series  S-E 

425 

43 

Segmental  Tray  Data  -  Series  S-F 

427 

44 

Segmental  Tray  Data  -  Series  M-A 

429 

45 

Segmental  Tray  Data  -  Series  M-B 

430 

46 

Segmental  Tray  Data  -  Series  M-C 

430 

47 

Segmental  Tray  Data  -  Series  M-D 

431 

48 

Segmental  Tray  Data  -  Series  M-E 

432 

49 

Segmental  Tray  Data  -  Series  M-F 

432 

50 

Circumferential  Tray  -  Hydraulic  Data 

433 

51 

Circumferential  Tray  -  Efficiency  Data 

434 

52 

Experimental  Air  Water  Data  -  Two  Phase 
Flow  Against  a  Gravitational  Field, 

Series  C 

478 

53 

Experimental  Air  Water  Data  -  Two  Phase 
Flow  Against  a  Gravitational  Field, 

Series  D 

480 

54 

Experimental  UCON-12  Fluid  Data  -  Two 
Phase  Flow  Against  a  Gravitational  Field 

481 

55 

Stationary  Column  Results  -  Point  No.  1 

496 

5  C 

Stationary  Column  Results  -  Point  No.  2 

497 

57 

Stationary  Column  Results  -  Point  No.  3 

498 

58 

Stationary  Column  Results  -  Point  No.  4 

499 

59 

Stationary  Column  Results  -  Point  No.  5 

500 

60 

Stationary  Column  Results  -  Point  No.  6 

501 

63  ASRP- 

•2391 

xxiv 

SECRET 

LIST  OF  TABI^S 


Parti 


Table  No. 

Pace 

61 

Stationary  Column  Results 

-  Point  No. 

7 

502 

62 

Stationary  Column  Results 

-  Point  No. 

8 

503 

63 

Stationary  Column  Results 

-  Point  No. 

9 

504 

64 

Stationary  Column  Results 

-  Point  No. 

10 

505 

65 

Stationary  Column  Results 

-  Point  No. 

11 

506 

66 

Stationary  Column  Results 

-  Point  No. 

12 

507 

67 

Stationary  Column  Results 

-  Point  No. 

13 

508 

68 

Stationary  Column  Results 

-  Point  No. 

14 

509 

69 

Stationary  Column  Results 

-  Point  No. 

15 

510 

70 

Stationary  Column  Results 

-  Point  No. 

16 

511 

71 

Stationary  Column  Results 

-  Point  No. 

17 

512 

72  , 

Enthalpy  Coefficients  as  Linear  Functions  of 

527 

Pressure 


.63  ASRP-2391 


xzv 


SECRET 


IQMENCIATURE 


=  Acceleration,  ft. /hr. 

=  Function  in  High  Pressure  Column  Program,  tray  equilibrium 
subroutine,  dimensionless 

=  Constant  in  determination  of  quality  for  two-phase  flow, 
dimensionless 

=  Power  constant  in  determination  of  quality  for  two-phase 
flow,  dimensionless 

=  Coefficient  expressing  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb.-mole 
2 

=  Area,  ft. 

2 

=  Constant  orifice  area  of  control  valve,  ft. 

2 

=  Time  function  orifice  area  of  control  valve,  ft. 

2 

=  Average  total  column  flow  area,  ft. 

2 

=  Boiling  side  heat  transfer  area,  ft. 

2 

=  Bellows  area  for  control  valve,  ft. 

2 

=  Condensing  Side  Heat  Transfer  Area,  ft. 

2 

=  Surface  area  of  casing,  ft. 

2 

=  Inner  total  column  flow  area,  ft. 

2 

=  Outer  total  column  flow  area,  ft. 

2 

=  Active  tray  area,  ft. 

=  Length  of  outer  casing  major  axis,  in. 

=  Fraction  of  reboiler-condenser  heat  transfer  area  made 
ineffective  by  blanketing,  dimensionless 


Ae/At  =  Ratio  of  diffuser  exit  area  to  throat  area,  dimensionless 

A/V  =  Interfacial  mass  transfer  area  created  per  unit  volume, ft. 
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b 

b“ 


b* 


B 

b 


bavg 


Width  of  tray  or  weir,  ft. 

Function  in  high  pressure  column  program,  tray  equili¬ 
brium  subroutine,  dimensionless 

Coefficient  expressing  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb.-mole 

Constant  in  equation  for  boiling  side  heat  transfer  co¬ 
efficient,  dimensionless 

Average  width  between  enriching  section  outer  width  and 
stripping  section  inner  width,  in. 

Average  column  width,  in. 

Column  inner  width,  in. 


b.  =  Inner  width  of  low  pressure  column,  in. 

^LPC 


bj^  =  Width  of  kettle  holdup  chamber,  ft. 

b  '  =  Column  outer  width,  in. 


b  =  Outer  width  of  high  pressure  column,  in. 

°HPC 

b  =  Outer  width  of  low  pressure  column,  in. 

°LPC 


b  =  Width  of  kettle  separator,  in. 

s 


C,  c  = 
c* 


C 

C 


1 

2 


C 


3 


C 

C 

C 


5 

7 

9 


Constants,  dimensionless 

Coefficient  expressing  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb.-mole 

Unit  length  of  circumferential  fin,  ft. 

Coefficient  in  Chezy  equatioaand  expressed  by  the  Manning 
Equation, (lb. j^-ft,/lbg -sec.) 


Constants 
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C^c 


^2“ 


S'* 


"D 


HP 


D 

°b 

dF 

Dg 

°L 

dm 

Do. 

Dp 

Dsi 


Constant  multiplying  factor  In  equation  for  calculation  of 
foam  height,  dimensionless 

Constant  multiplying  factor  in  equation  for  calculation  of 
the  number  of  gas  phase  mass  transfer  units  (NTU)g, 
dimensionless 

Constant  multiplying  factor  in  equation  for  calculation 
of  the  number  of  liquid  phase  mass  transfer  units  (NTU)j^^ 
dimensionless 

Drag  coefficient,  dimensionless 

Constant  to  convert  separator  horsepower  requirement 
to  drive  weight,  Ibs./hP 

Design  stress  cryogenic  improvement  factor,  dimension¬ 
less 

Orifice  coefficient,  dimensionless 

Constant  equal  to  0.9  and  used  in  equation  for 
calculation  of  tray  frictional  pressure  drop,  eliminating 
the  iteration  on  foam  density,  dimensionless 

Ratio  of  dry  plate  pressure  drop  to  hydrostatic  pressure 
drop,  dimensionless 

Diffuser  throat  diameter,  ft. 

Constants,  Ibs/ft.^,  Ibjjj/ft.^/lbf/ft. 

Coefficient  expressing  enthalpy  as  a  linear  function  of 
■pressure,  Btu/lb.-mole 

Pipe  diameter,  ft. 

Bubble  diameter,  ft. 

Differential  force,  Ibf 

2 

Gas  phase  diffusion  coefficient,  ft.  /sec. 

2  , 

Liquid  phase  diffusion  coefficient,  ft.  /sec. 

Differential  element  of  mass,  lbs. 

Perforation  diameter,  ft. 

Droplet  diameter,  ft. 

Shaft  inner  diameter,  in. 
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Shaft  outer  diameter,  in. 

Inside  diameter  of  reboiler-condenser  tube,  in. 

Natural  Logarithm  Base,  or  control  system  error  signal, 
dimensionless,  ft. 

Coefficient  expressing  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb.-mole 

Point  efficiency,  dimensionless 

Tray  efficiency  after  enhancement,  dimensionless 

Murphree  point  efficiency,  dimensionless 

Summation  of  enhanced  tray  efficiencies,  dimensionless 

Free  area  fraction  of  the  tray,  dimensionless 

Coefficient  expressing  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb.-mole 


Functlot^  in  UCON  test  rotor  heat  transfer  computer  program, 
®R/rad.^,  ®R/rad.,  ft, /rad.,  Btu/hr,/ft,  tube/rad. 

Frictional  energy  loss  in  axial  condensate  flow  through 
condenser  tube,  ft.-lbf/lbj^ 

Ratio  of  experimental  heat  transfer  rate  in  UCON  test  rotor 
to  theoretical  heat  transfer  rate,  dimensionless 

Separator  feed  air  flow  rate,  Ib-moles/lb-mole  feed  air 

2 

Normal  acceleration  of  gravity,  ft. /sec, 

Molar  gas  rate,  moles/sec. 

Mass  velocity,  lb. /ft.  sec. 

o 

Newton's  conversion  factor,  Ibj^-ft/lbf-sec. ■ 

Diffuser  fluid  flow  rate,  gal./mlru 
Gas  flow  in  two-phase  tester,  lbs. /sec. 

Seal  leakage  flow  rate,  lbs. /sec. ,  or  liquid  flow  in  two- 
phase  tester,  lbs. /sec. 

Total  exitiny  flow  from  periphery,  lbs. /sec. 


Column  shell  thickness,  in. 
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H,H'  =  Disengagement  space  or  spray  height, ft., in. 

=  Distance  between  Inner  radius  of  high  pressure 

column  and  inner  radius  of  foam  on  first  tray,  in. 

h,  =  Boiling  side  film  coefficient,  Btu/ft .  ^hr .  ®R 

b 

h  »h  '  =  Crest  Height,  ft., In. 

c  c  2 

hc^  =  Condensing  side  film  coefficient,  Btu/ft.  ^hr.  °R 

(h  )pvd“  Experimental  condensing  side  film  coefficient, 

Btu/ft.2hr.®R 

hp  =  Calculated  condensing  side  film  coefficient  for  full 

scale  unit,  Btu/ft.  ^hr.  °R 

(h  '  Theoretical  condensing  side  film  coefficient, 

cTHEO  Btu/ft.2hr.“R 

h^,  h^  =  Foam  height,  ft.,  in. 

Need  ~  Enthalpy  of  separator  feed  ,  Btu/lb.-mole 

hj^  =  Kettle  separator  shell  thickness,  in. 

h„  =  Enthalpy  of  kettle  liquid  leaving  high  pressure  column, 

1  Btu/lb.-mole 

h  °,h£  =  Constant  liquid  holdup  at  kettle  periphery  of  high 

pressure  column, ft.,  or  peripheral  column  liquid 
holdup,  in, 

=  Liquid  enthalpy,  Btu/lb.-mole 

Ij 

h  ^  =  Enthalpy  of  high  pressure  liquid  stream  leaving  reboiler- 

condenser,  Btu/lb.-mole 

h  ^  =  Kettle  separator  liquid  holdup,  in. 

LK 

h^  (t)  =  Liquid  level  in  column  as  a  function  of  time,  ft. 

Xj 

HPB  =  Bearing  friction  horsepower  loss,  hp 

HPF  =  Total  fluid  acceleration  horsepower  required,  hp 

HP„  ™  =  Hydrogen  turbine  horsepower  output,  hp 

H  "T 

HP,  Low  pressure  column  turbine  horsepower  output,  hp 

LPC**T 
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HP^Tcim  =  Net  air  separator  horsepower  (excess  or  deficiency),  hp 

NiiT 


HP  ® 

"*^OUTPUT 


Total  air  separator  horsepower  output,  hp 


^^RBC-T 

^^REQ 

HPS 

HPW 

'^SEAL 


H 


V 


Recirculation  turbine  horsepower  'Output,  hp 

Total  air  separator  horsepower  requirement,  hp 

Seal  fluid  horsepower  loss,  hp 
Windage  horsepower  loss,  hp 

Difference  between  inner  radius  of  seal  fluid  and  Inner 
radius  of  column  peripheral  liquid,  ft. 

Liquid  holdup  at  kettle  periphery  of  high  pressure  column 
as  a  time  function,  ft.,  or  peripheral  column  liquid 
holdup,  in. 

Vapor  enthalpy,  Btu/lb.-mole 


RBC 


Ahj. 

1 

J 


S’  S’ 

h’h 

Uo  If  0  U  0  . 

If  O  U  O  o 
-6 


K 

K, 


Enthalpy  of  high  pressure  vapor  stream  entering  reboiler- 
condenser,  Btu/lb.-mole 

Dry  plate  head  loss,  ft. 

Turbine  enthalpy  drop,  Btu/lb. 

Index  on  evaluation  of  functions  in  computer  programs, 
dimensionless 

Index  on  evaluation  of  functions  in  computer  programs, 
dimensionless 

Thermal  conductivity,  Btu/ft . hr .  "R,  and  index  on  evaluation 
of  functions  in  computer  programs,  dimensionless 

Equations  resulting  from  control  valve  system  analyses, 
Ib^/ft.,  lb^/ft.2  sec.,  dimensionless,  ft.“^ 

Constants  used  to  express  enthalpy  as  a  linear  function  of 
pressure,  Btu/lb. -mole/pslg 


Vapor-liquid  equilibrium  constant,  dimensionless 
Kettle  liquid  flow  rate,  lb. -moles/lb-mole  feed 
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V  ®  VO  V c 


m 


^XT 

LHTA 

L° 

^  LPC 


Functions  In  high  pressure  column  program, 
tray  equilibrium  subroutine,  dimensionless 

Bellows  constant  for  control  valve,  Ib^/ft. 

Thermal  conductivity  of  condensate  film, 

Btu/ft.hr.-®R 

Gas  phase  mass  transfer  coefficient,  ft. /hr. 

Thermal  conductivity  of  liquid,  Btu/ft.hr. -®R 
Liquid  phase  mass  transfer  coefficient,  ft/hr. 

Thermal  conductivity  of  metal,  Btu/ft . -hr .  ®R 

Spring  constant  for  control  valve,  Ibf/ft. 

Stress  concentration  factor  due  to  tray  perfor¬ 
ations,  dimensionless 

Index  on  evaluation  of  functions  In  computer 
programs,  dimensionless 

Molar  liquid  rate,  moles/sec. 

Circumferential  distance  between  downcomers 
on  first  tray  In  high  pressure  column,  In. 

length  of  flow  path,  ft. 

Liquid  flow  rate,  Ib-moles/lb-mole  feed, 

Ibs/lb  feed 

Liquid  flow  rate  after  enhancement,  lb-moles/ 
lb-mole  feed 

Flow  rate  of  high  pressure  liquid  leaving  reboller- 
condenser,  lb -mole  s/lb -mole  feed 

Total  shaft  extension  beyond  reboiler  and  reflux 
condensers,  In. 

Length  of  reboller-condenser  heat  transfer  area, ft. 

Flow  of  liquid  leaving  low  pressure  column,  lb-moles/ 
lb-mole  feed 
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LRC 

"s 

l/a 


l/v 

m 


M 


Ma  ■ 


Liquid  flow  rate  or  hydrogen  liquid  flow  through 
reflux-condenser,  Ib-moles/lb-mole  feed 

Length  of  shaft  between  reboiler  condenser  and 
and  reflux  condenser,  in. 

Flow  of  liquid  leaving  reboiler  condenser, 
Ib-moles/lb-mole  feed 

Length  of  reflux  condenser,  in. 

Length  of  shaft,  in. 

Feet  of  length  per  square  foot  of  heat  transfer 
area,  ft”^ 

Liquid  to  vapor  flow  ratio,  dimensionless 

Power  coefficient  in  equation, 

AT  m 

-  Qjqo  >  dimensionless 

Index  on  evaluation  of  functions  in  computer 
programs,  dimensionless 

Molecular  weight  of  air,  Ibs/lb-mole 

Molecular  weight  of  hydrogen,  Ibs/lb-mole 


Liquid  and  vapor  phase  molecular  weight, 
Ibs/lb-mole 


M^p_  =  Molecular  weight  of  liquid  leaving  low  pressure 

column,  Ibs/lb-mole 

Mpn-,  =  Molecular  weight  of  liquid  leaving  reboiler 

condenser,  Ibs/lb-mole 


n 


N 

N, 


Roughness  factor  in  Chezy  Formula,  dimensionless, 
or  power  coefficient  in  general  boiling  equation, 
dimensionless 

Number  of  tray  downcomers,  dimensionless 
Rotalional  speed,  RPM 

Number  of  radial  segments  in  two-phase  flow 
computer  program,  dimensionless 


xxxili 
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Na  =  Number  of  actual  column  trays,  dimensionless 

(In  high  pressure  column  computer  program, ..k-1 
equals  Na-1,  the  number  of  actual  column  trays 
required,  and  k®-l  is  the  Interpolated  number  of 
actual  column  trays . ) 

=  Number  of  diffuser  passage  blade  sides, 
dimensionless  . 

Ng  =  Number  of  gravities  ( )  at  superficial  rotor  speed, 

dimensionless  ® 

Ng®  =  Number  of  gravities  for  tray  fluid  relative  to  rotor 

(Ng-6/a),  dimensionless 

Ngj^  =  Average  gravitational  field  for  reboiler-condenser 

boiling  passage,  dimensionless 

Ngfiood  “  Number  of  gravities  at  the  column  superficial  vapor 

flooding  velocity,  dimensionless 

Ngp  =■  Number  of  gravities  parallel  to  re  boiler-condenser 

tube  axis,  dimensionless 

Ng„  “  Number  of  gravities  transverse  to  reboiler-condenser 

tube  axis,  dimensionless 

Ng^  =  Average  transverse  accrelefatlon/  dlme’tts'iiO'tftfess 

Np*  =  Number  of  theoretical  trays,  dimensionless 

N  ,  =  Number  of  peripheral  seal  sides,  dimensionless 

ssl 

NTU  =  Number  of  mass  transfer  units,  dimensionless 

(NTU)  =  Number  of  gas  phase  mass  transfer  units, 

^  dimensionless 

(NTU)^  =  Number  of  liquid  phase  mass  transfer  units, 

dimensionless 

(NTU)^  =  Number  of  overall  mass  transfer  units,  dimensionless 

Nvi  =  Viscosity  group,  dimensionless 

2 

P,P‘  =  Pressure,  IbVft.  ,  psig  or  total  pressure, 

2  ^ 

Ibj/ft.,  psia 
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pD  ,p* 

po 

P, 


P  P  ' 
CAS,  CAS 


COL 


ENV 


Pf,Pf 


fl 


V^l’ 


■  START 


P** 

tray 
P  ,P' 

V  V 

AP 


AP  .AP ' 


Pressure,  psla 
Perforation  pitch,  ft. 

Bolling  pressure,  pslg 

Condensing  pressure,  pslg 

2 

Casing  pressure,  Ib^/ft.  ,  psla 

2 

Column  pressure,  Ib^/ft, 

Environmental  pressure  surrounding  outer  casing,  psia 


Peripheral  high  pressure  column  feed  air  pressure,  pslg, 

lbj/ft.2 

Final  pressure  at  periphery  of  low  pressure  column 
section,  psia 

2 

Inlet  pressure,  psla,  Ib^/ft. 

Kettle  high  pressure  column  pressure,  pslg 

Liquid  pressure,  Ib^/ft.  ,  psia 

Peripheral  pressure  minus  casing  pressure,  psla 

Shelf  high  pressure  column  pressure,  pslg 

Starting  pressure  for  high  pressure  column  computer 
program  and  equal  to  average  reboiler-condenser 
condensing  pressure,  pslg,  or  pressure  at  inner  radius 
of  low  pressure  column  section  for  low  pressure  column 
computer  program,  psla 

Tray  pressure  level,  pslg 

2 

Vapor  pressure,  lbj./ft.  ,  psla 

2 

Pressure  drop  or  change,  psl  or  Ib^/ft. 

2 

Dry  plate  pressure  drop,  Ib^/ft.  ,  psl 
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»rDjFF 

IS 

Pressure  drop  across  diffuser,  psi 

AP^ 

= 

Tray  frictional  pressure  drop,  psl 

aPh,ap;, 

= 

2 

Hydrostatic  pressure  drop,  Ib^/ft.  ,  psl 

^^LIQ 

St 

Liquid  phase  pressure  drop,  psl 

o 

Pu 

<1 

= 

2 

Observed  pressure  drop,  Ib^/ft. 

AP 

s 

Static  pressure  change  due  to  gravitational  field,  psl 

^^SEAL 

= 

Pressure  head  across  centrifugal  seal,  Ib^/ft. 

APt 

= 

Experimental  tray  pressure  drop,  psl 

AP  ,AP ' 
TP’  TP 

= 

2 

Two- phase  pressure  drop,  Ib^/ft.  ,  psl 

AP 

V 

,  2 

Pressure  drop  across  control  valve,  Ib^/ft. 

Q,Q- 

= 

Heat  transfer,  Btu/hr.,  Btu/sec. 

= 

Heat  duty,  Btu/lb-mole  feed 

Q,Q^ 

S3 

Mean  heat  transfer,  Btu/hr/ft-tube,  Btu/mln/ft-tube 

QC 

= 

Reflux  condenser  heat  duty  (air  separator  system 
heat  load),  Btu/lb-mole  feed 

^ELECTRICAL 

Electrical  heat  Input  to  condensing  side  of  Hlgh-G 
Cryostat,  watts 

■  ^HEAT  LEAk“ 

Heat  leak  Input  to  condensing  side  of  Hlgh-G  cryostat., 
watts 

Ql’^^l' 

= 

Liquid  flowrate,  ft.^/sec..  Gal. /min. 

= 

3  2 

Superficial  column  liquid  rate,  ft.  /ft.  -sec. 

QR 

=■ 

Reboller-condenser  heat  duty,  Btu/lb-molc  feed 

QS 

= 

Product  subcooling  heat  duty,  Btu/lb-mole  feed 

QTK 

ss 

System  heat  loss  due  to  kettle  stream  expansion, 
Btu/lb-mole  feed 

xxxvi 
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QfS 


q/a 


System  heat  loss  due  to  shelf  stream  expansion, 

Btu/lb-mole  feed 

Heat  flux,  Btu/ft^-hr. 

2 

Bolling  side  heat  flux,  Btu/ft  -hr. 

2  2 

Condensing  side  heat  flux,  Btu/ft  -hr,  Btu/ft  -sec. 


Q;;/b 

r,R,r',R' 

RO 

R* 

\vg 

R 

0  . 

Re 

‘‘flc''''flc 

Rh^  R'h 

rf,  r'^ 

^HPC 

I 

"i  ^  ''l 
seal  seal 

"l 


3 

Volumetric  liquid  flow  per  foot  of  weir,  ft  /sec/ft  weir 
Radius,  ft.,  in. 

Nusselt  pressure  correction  term  for  physical  properties, 
dimensionless 

Radius,  in. 

Average  column  radius,  in. 

Bubble  radius,  ft. 

Gas  constant,  ft-lbj/lb-mole/°R 
Diffuser  passage  blade  radial  depth,  in. 

Reynolds'  number,  dimensionless 

Reboiler-condenser  inner  radius  where  tube  axis 
coincides  with  radius  vector,  ft. ,  in. 

Hydraulic  radius,  ft.,  in. 

Inner  radius  of  reboller-condenser  tubes,  ft. ,  in. 

Inner  radius,  in. 

Inlet  radius,  in. 

Inner  radius  of  high  pressure  column,  in. 

Inner  radius  of  centrifugal  seal  fluid,  ft.,  in. 

Radius  of  kettle  stream  inlet  to  low  pressure  column,  in. 
Inner  radius  of  column  liquid  holdup,  ft. 
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r  if*  = 
mean  mean 


^tray 

AR 


Volumetric  liquid  fraction,  dimensionless 

Radius  at  point  of  average  transverse  acceleration 
in  full-scale  reboller  condenser,  ft.,  in. 

Outer  radius  of  reboiler-condenser  tubes,  ft.,  in. 
Outer  radius  of  rotor  or  column,  ft. ,  in. 

Radius  of  kettle  periphery  in  high  pressure  column,  ft. 

Orifice  radius  in  control  valve,  ft. 

Radius  of  collector  pipe,  in. 

Tube  inside  radius,  ft. 

Tray  radius,  in. 

Change  in  radius,  in. 

Laplaclan  operator,  dimensionless 


S,  S' 
S” 


S 

P 


t,  t' 


t'i,t=,t’, 


T,T' 

ipO 


Length  of  reboiler-condenser  tube,  ft.,  in. 

Ratio  of  slope  of  liquid-vapor  Y-X  equilibrium  line 
to  column  liquid-vapor  ratio  ,  dimensionless 

Stress,  psl  ^ 

Shelf  liquid  flow  rate,  lb-mole s/lo-mole  feed 

Signal  pressure  for  control  valve,  Ib^/ft  ,ln.  Hg 

Tray  thickness,  ft.,  in. 

Time,  sec. 

Power  coefficients  in  equation  for  calculation  of 
number  of  liquid  phase  mass  transfer  units,  dimensionless 

Temperature,  °R,  °K 
Tortuolslty  factor,  dimensionless 
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T* 


T 

c 


cas 


t 

s 


^seal 


AT 

AT 

c 


Time  constant  for  control  valve  system  analysis,  sec. 

Index  on  heat  transfer  computer  program  printout, 
dimensionless 

Bolling  temperature,  ®R 

Condensing  temperature,  °R 

Thickness  of  outer  casing  shroud,  in. 

Diffuser  passage  blade  wall  thickness,  In. 

Kettle  separator  side  thickness,  in. 

Liquid  temperature,  "R 

Column  side  thickness,  in. 

Seal  wall  thickness,  in. 

Reboller-condenser  tube  wall  thickness,  In. 

Vapor  temperature,  ®R 

Wall  temperature,  "R 

Temperature  difference,  ®R 

Bolling  side  temperature  difference,  "R 

Condensing  side  temperature  difference,  ®R 


AT 

o 

U 

V 


V,  V 


Overall  reboller-condenser  temperature  difference,  ®R 
Rotor  tangential  velocity,  ft. /sec. 

2 

Overall  heat  transfer  coefficient,  Btu/ft  -hr.°R 

3 

Volumetric  vapor  rate,  ft  / sec,  or  control  system 
set  point,  ft. 

Velocity,  ft/sec,  ft/hr,  or  velocity  Imparted  to  vapor 
by  rotor,  ft/ sec. 
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New  fluid  velocity  for  diffuser  with  change  in  angle 
<[)o  to  ft/sec. 

Volumetric  flow  rate,  ft  /sec. 

Vapor  flow  rate,  lb- mole  s/lb-mole  feed,  Ibs/lb.  feed 
Vapor  flow  rate  after  enhancement,  lb-moles  lb-mole  feed 

3 

Volume  of  air  separator  Inlet  air  side  truncated  cone,  ft 

3 

Total  air  separator  volume,  ft 

3 

Volume  of  air  separator  cylindrical  section,  ft 
Froth  velocity  )  >  ft/ sec . 

Radial  fluid  velocity  vector  for  diffuser,  ft/sec. 
Superficial  liquid  velocity  or  liquid  velocity,  ft/sec, 
Liquid  inlet  velocity,  ft/sec. 

Vapor  flow  rate,  Ib-moles/lb-mole  feed 
Molar  volume,  ft  /lb-mole 
Perforation  velocity,  ft/ sec. 

Superficial  column  vapor  velocity  based  upon  active 
tray  area,  ft/ sec. 

Superficial  vapor  velocity  at  the  flooding  point,  ft/sec. 

g 

Specific  volume  of  liquid,  ft  /lb. 

g 

Specific  volume  of  vapor,  ft  /lb. 

Incremental  change  in  superficial  vapor  velocity  for 
computer  program  column  solutions,  ft/sec. 

Stream  flowrate,  lbs/ sec.,  Ibs/min. 

Temperature  function  in  high  pressure  column  computer 
program,  tray  equilibrium  subroutine,  dimensionless 


xl 


63  ASRP-2391 


SECRET 


ASD-TDR-63-665,  Part  I 


blades-c 


blades-r 


coll-c 


coll-r 


DIFF-LPC 


DIFF-RBC 


DRIVE 


WHTA 


Separator  inlet  air  flow  rate,  Ibs/seo. 

Total  air  separator  weight,  lbs. 

Weight  of  low  pressure  colume  diffuser  blades,  lbs. 

Weight  of  reboiler-condenser  diffuser  blades,  lbs. 

Weight  of  outer  casing,  lbs. 

Weight  of  low  pressure  column  diffuser  collectors,  lbs. 
Weight  of  reboiler-condenser  diffuser  collectors,  lbs. 
Downcomer  weight,  lbs . 

Weight  of  low  pressure  column  diffuser  system,  lbs. 

Weight  of  reboller-condenser  diffuser  system,  lbs. 

Total  weight  of  air  separator  drive,  lbs. 

Weber  number,  dimensionless 
Weight  of  heat  transfer  area,  lbs. 

Total  high  pressure  column  weight,  lbs. 

Total  kettle  separator  weight,  lbs. 

Kettle  separator  shell  weight,  lbs. 

Kettle  separator  sides  weight,  lbs. 

Reboiler-condenser  low  pressure  liquid  holdup,  lbs. 

Total  low  pressure  column  weight,  lbs. 

Constant  design  flow  rate  for  control  valve,  Ibs/sec. 

Weight  of  low  pressure  column  pressure  shell,  lbs. 

Total  reboller-condenser  weight,  lbs. 
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Reboller-condenser  shell  weight)  lbs . 

Re  boiler-condenser  sides  weight)  lbs. 

Weight  of  low  pressure  column  centrifugal  seal 
blade S)  lbs. 

Weight  of  reboller-condenser  centrifugal  seal 
blade S)  lbs. 

Column  shell  weight)  lbs. 

Shaft  weight)  lbs. 

Column  sides  weight,  lbs. 

Tray  weight,  lbs. 

Time  function  flow  through  control  valve,  lbs/ sec. 

Stream  flow  rate  through  control  valve,  Ibs/sec. 

Constant  stream  flow  rate  through  control  valve, 
Ibs/sec. 

Length  of  tube  where  condensation  occurs,  ft. 

Control  valve  operator  position,  ft. 

Vapor  quality,  mass  fraction 

Mole  fraction  of  more  volatile  and  less  volatile 
component,  mole  fraction 

Liquid  Argon  purity,  mole  fraction 
Enhanced  liquid  Argon  purity,  mole  fraction 
Constant  control  valve  operator  position,  ft. 

Argon  purity  of  kettle  liquid  stream,  mole  fraction 
Nitrogen  purity  of  kettle  liquid  stream,  mole  fraction 
Oxygen  purity  of  kettle  liquid  stream,  mole  fraction 
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Liquid  Nitrogen  purity,  mole  fraction 

Enhanced  liquid  Nitrogen  purity,  mole  fraction 

Final  Nitrogen  liquid  purity  in  stream  leaving  periphery 
of  low  pressure  column  section,  mole  fraction 

Nitrogen  purity  of  liquid  stream  entering  low  pressure 
column  section,  mole  fraction 

Liquid  Gxygen  purity,  mole  fraction 

Enhanced  liquid  Gxygen  purity,  mole  fraction 

Final  Gxygen  liquid  purity  in  stream  leaving  periphery 
of  low  pressure  column  section,  mole  fraction 

Oxygen  purity  of  liquid  stream  entering  low  pressure 
column  section,  mole  fraction 

Oxygen  purity  of  high  pressure  liquid  stream  leaving 
reboller-condenser,  mole  fraction 

Argon  purity  of  shelf  liquid  stream,  mole  fraction 

Nitrogen  purity  of  shelf  liquid  stream,  mole  fraction 

Oxygen  purity  of  shelf  liquid  stream,  mole  fraction 

Time  function  control  valve  operator  position,  ft. 

Thickness  of  porous  condensing  surface,  ft. 

Height  of  rise  of  fluid  in  a  capillary,  ft. 

Condensing  film  thickness,  ft. 

Mole  fractions  of  more  volatile  and  less,  volatile 
components,  mole  fraction 

Power  coefficients  in  equation  for  calculation  of  foam 
height,  dimensionless 


Vapor  Argon  purity,  mole  fraction 
Enhanced  vapor  Argon  purity,  mole  fraction 
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Argon  purity  of  separator  feed  air,  mole  fraction 

Nitrogen  purity  of  separator  feed  air,  mole  fraction 

Oxygen  purity  of  separator  feed  air,  mole  fraction 

Vapor  Nitrogen  purity,  mole  fraction 

Enhanced  vapor  Nitrogen  purity,  mole  fraction 

Final  Nitrogen  purity  In  vapor  stream  entering  at 
periphery  of  low  pressure  column  section,  mole 
fraction 

Nitrogen  purity  in  vapor  stream  leaving  low  pressure 
column  section,  mole  fraction 

Vapor  Oxygen  purity,  mole  fraction 

Enhanced  vapor  Oxygen  purity,  mole  fraction 

Final  Oxygen  purity  in  vapor  stream  entering  at 
periphery  of  low  pressure  column  section,. mole 
fraction 

Oxygen  purity  in  vapor  stream  leaving  low  pressure 
column  section,  mole  fraction 

Oxygen  purity  of  high  pressure  vapor  stream  entering 
reboiler-condenser,  mole  fraction 

Circumferential  temperature  gradient  in  wall  of 
theoretical  heat  transfer  model  ,d6°v  Wrad., 

or  index  on  low  pressure  column  computer  program 
computation,  dimensionless 

Number  of  final  purities  per  low  pressure  column 
program  run,  dimensionless 

Volumetric  foam  density,  dimensionless 

Angle  between  plane  normal  to  tube  axis  and  the 
radius  vector,  deg. 

Constant  in  control  valve  analysis,  dimensionless 
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Constants  in  high  pressure  column  computer  program 
correlation  for  enhancement  In  tray  efficiency,  dimen¬ 
sionless 

Relative  volatility,  argon-oxygen,  dimensionless 

Relative  volatility,  nitrogen-oxygen,  dimensionless 

Relative  volatility,  dimensionless 

Angle  between  plane  normal  to  radius  vector  and  the 
direction  of  condensate  flow,  deg. 

Constants  in  high  pressure  column  computer  program 
correlation  to  correct  as  a  function  of  enhancement 
in  Xq  ,  dimensionless 

Angle  between  radius  vector  and  direction  of  condensate 
flow,  deg. 

Activity  coefficient,  dimensionless 


Constants  in  high  pressure  column  computer  program  to 
correct  Y,  as  a  function  of  enhancement  in  Y^,  dlmenslon- 
less  ^  Q  ° 

Quantity,  dimensionless 


Capillary  diameter,  ft. 

Downcomer  multiplying  factor,  dimensionless 


Tray  plus  downcomer  multiplyiny  factor,  dimensionless 


Output  of  holdup  chamber  function,  lbs/ sec. 

Contact  angle  in  porous  condensing  surface  capillaries,  deg. 

Fugacity  coefficient  at  system  temperature  and  pure  component 
vapor  pressure,dimenslonless 

Diffuser  efficiency,  percent 


Composite  of  vapor  phase  dynamic  mass  transfer  variables, 
dimensionless 
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Composite  of  liquid  phase  dynamic  mass  transfer 
variables,  dimensionless 

Overall  diffuser  recovery  of  theoretical  kinetic 

energy  with  inclusion  of  diffuser  expansion  loss, 
percent.  ■ 

Fugacity  coefficient  at  system  teipperatures  and 
total  pressure,  dimensionless 

Angular  direction  of  reboller-condenser  tubes,  rad. 

Condensing  side  temperature  difference  in 
theoretical  heat  transfer  model,  ®R 

Mass  transfer  boundary  layer  renewal  time,  hr. 

Calculated  and  inputed  values  for  low  pressure 
column  computer  program,  expression  of  liquid  and 
vapor  densities  as  functions  of  composition  and 
pressure,  Ib./ft. VPsia,  lb./ft.3/psia,  dimensionless, 
lb./ft.3/psia,  lb. /ft. 3,  lb. /ft.^psia,  lb. /ft. 
dimensionless,  lb. /ft. 3 

One  half  of  diffuser  divergence  angle  (2©d),  deg. 

•* 

Condensing  side  temperature  difference  in 
theoretical  heat  transfer  model  at  point  where 
circumferential  temperature  gradient  is  zero,  ®R 

Heat  of  vaporization, -BtuAb.  . 

Viscosity,  lb. /ft. -hr.,  lb. /ft. -sec. 

Liquid  viscosity,  Ib./ft.-hr.  ,lb./ft. -sec. 

Vapor  viscosity,  lb. /ft. -sec. 

3  3 

Density,  lb. /ft.  ,  lb. /in. 

Liquid  density,  Ib./ft.^ 

Inlet  liquid  density,  Ib./ft.^ 

Outlet  liquid  density,  Ib./ft.^ 

Maximum  liquid  density,  Ib./ft.^ 
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Nitrogen  liquid  density,  Ib./ft.^ 

Oxygen  liquid  density,  Ib./ft.^ 

Metal  density,  Ib./ft.^ 

Pore  density,  ft. 

Actual  two-phase  density  at  radial  location  (r), 
lb. /ft.  3 

/  3 

Vapor  density,  lb. /ft. 

3 

Inlet  vapor  density,  lb. /ft. 

Nitrogen  vapor  density,  lb. /ft. 

3 

Oxygen  vapor  density,  lb. /ft. 

2 

Surface  tension,  Ibj/sec.  ,  dynes/cm 
Surface,  tension,  Ibf/ft. 

Square  root  of  sum  of  squares  of  deviation  of  UCON 
properties  from  oxygen  properties,  dimensionless 

Length  of  radial  arc  across  reboiler-condenser  tube,  ft. 


(j)° 

y 
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Contact  time  of  mass  transfer  phases,  hr. 

Correlating  parameter  in  two-phase  pressure  drop 

correlation,  dimensionless 

Condensate  blanketing  angle,  rad.,  deg. 

Angle  around  tube  circumference,  deg.,  rad.,  and 
angle  around  orifice  circumference,  rad. 

Angle  between  fluid  rotor  exit  velocity  vector  and 
rotor  tangent  for  diffuser,  deg. 

Constants  used  to  express  enthalpy  as  a  linear 
function  of  piessuie,  r-cj/lb. -mule 

Average  condensate  blanketing  angle,  rad.,  deg. 
Angle  between  tube  axis  and  radius  vector,  deg. 

Angular  velocity,  rad  ./sec .,  rad  ./hr. 
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1.0  INTRODUCTION 

Several  concepts  of  future  aerospace  vehicles  employ  a 
propulsion  system  which  requires  air  collection,  enrichment, 
liquefaction  and  storage  for  propulsive  use  later  in  the  vehicle 
mission.  All  such  systems  require  an  efficient  airborne  air  enrich¬ 
ment  unit  of  minimum  weight  and  volume .  During  the  past  four  years 
Union  Carbide  Corporation,  Linde  Division,  has  contributed  to  the 
technology  required  for  airborne  air  enrichment  with  particular  emphasis 
on  the  low  temperature  distillation  process.  This  introduction  will 
review  the  fundamentals  of  distillation,  review  the  results  of  the  two 
previous  contracts,  and  finally  present  the  scope  and  organization  of 
this  present  study. 

1 . 1  Review  of  Distillation 

Fractional  distillation  utilizes  the  difference  in  equilibrium 
compositions  of  vapor  and  liquid  phases  of  fluid  mixtures,  resulting 
from  differences  in  vapor  pressures  of  individual  components,  to 
effect  separation  in  a  series  of  contacting  stages .  In  the  fractional 
distillation  process  most  widely  used  for  the  separation  of  air,  streams 
of  vapor  are  brought  into  continuous,  intimate,  countercurrent  contact 
with  streams  of  liquid  in  rectifying  columns .  Each  column  contains 
several  contacting  stages  or  trays  arranged  in  series. 

Figure  1-a  shows  a  schematic  detail  of  a  tray  section  within  a 
column.  The  liquid  is  seen  to  flow  across  a  perforated  contacting  tray 
from  downcomer  to  downcomer  while  vapor  enters  via  openings  in  the 
plate  and  bubbles  through  the  liquid.  It  is  evident  that  as  vapor  Issues 
from  the  perforations  it  achieves  close  contact  with  the  liquid  and  forms 
a  more  or  less  homogeneous  two-phase  dispersion  which  in  the  case  of 
standard  trays  takes  the  form  of  froth  or  foam  consisting  of  numerous 
bubbles  of  vapor  dispersed  throughout  the  liquid.  By  virtue  of  the  intimate 
contact  of  liquid  and  vapor  on  the  trays  the  vapor  and  liquid  leaving  an 
individual  tray  will  be  nearly  at  phase  equilibrium.  As  a  consequence 
the  rising  vapor  becomes  progressively  richer  in  lower  boiling  (more 
volatile)  nitrogen  while  the  descending  liquid  becomes  richer  in  higher 
boiling  oxygen. 

To  illustrate  the  basic  distillation  process  the  equilibrium  diagram 
for  the  oxygen -nitrogen  system  is  shown  on  Figure  1-b.  The  equilibrium 
line  indicates  that  the  vapor  is  always  richer  in  nitrogen  than  its 
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corresponding  equilibrium  liquid.  The  steps  between  the  equilibrium 
and  operating  lines  demonstrate  the  separating  action  of  the  trays. 

The  operating  lines  are  graphical  expressions  for  the  mass  balances 
required  because  in  steady  state  condition  the  amounts  of  oxygen  and 
nitrogen  entering  and  leaving  an  individual  tray  must  be  the  same . 

For  many  systems  the  ratios  of  liquid  to  vapor  mass  flow  are  almost 
constant  for  a  column  section  and  it  can  be  shown  that  the  slopes  of 
the  operating  lines  are  equal  to  the  liquid  to  vapor  flow  ratios .  The 
number  of  steps  Indicates  the  number  of  theoretical  (or  100%  efficient) 
contacting  stages  required  to  effect  the  desired  separation.  It  is 
evident  that  the  location  and  slope  of  the  operating  lines  have  a  great 
effect  on  the  number  of  steps  required.  Also,  it  can  be  seen  easily 
that  as  high  product  and  waste  purities  are  approached  separation 
steps  become  successively  smaller.  In  other  words,  high  purities 
demand  considerably  more  trays  than  moderate  purities. 

Figure  1-c  shows  the  double  column  cycle  conceived  for 
producing  liquid  oxygen  in  the  Aerospaceplane  propulsion  cycle. 

Except  for  the  method  of  supplying  refrigeration  to  the  system,  this 
cycle  is  very  similar  to  the  one  used  in  most  commercial  oxygen 
producing  plants .  Saturated  air  vapor  is  fed  to  the  bottom  of  the  high 
pressure  column  where  the  first  phase  of  the  distillation  process 
separates  the  air  into  nitrogen  (condensed  at  the  top  of  the  high  pressure 
column),  and  a  liquid  containing  about  32%  oxygen  (withdrawn  at  the 
bottom  or  kettle) .  The  liquid  nitrogen  from  the  top  Is  split  into  two 
streams,  one  serves  as  reflux  for  the  high  pressure  column,  the  other, 
called  the  shelf  stream,  is  transferred  to  the  top  of  the  low  pressure 
column  to  provide  part  of  the  reflux  in  this  column.  Here  the  main 
distillation  process  takes  place  at  a  lower  pressure.  The  liquid  stream 
from  the  kettle  of  the  high  pressure  column  is  throttled  and  introduced 
into  the  low  pressure  column  at  a  point  where  column  equilibrium 
compositions  correspond  to  those  of  the  transferred  feed  stream.  Liquid 
oxygen  is  produced  at  the  bottom  (stripping  section)  and  nitrogen  gas 
at  the  top  (enriching  section)  of  the  low  pressure  column.  The  function 
of  the  reboller-condenser  is  to  condense  nitrogen  at  the  top  of  the  high 
pressure  cblumn  and  to  provide  boll-off  for  the  low  pressure  column.  To 
make  bp  refrigeration  deficiencies,  part  of  the  waste  nitrogen  is  condensed 
by  a  reflux  condenser,  and  returned  to  the  column.  Refrigeration  for 
the  reflux  condenser  is  furnished  by  a  liquid  hydrogen  stream . 
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1 .2  Review  of  Previous  Studies 

The  Initial  step  in  the  advancement  of  airborne  air  enrichment 
was  taken  in  the  first  study.  Contract  No.  AF  33(616)-7509  under  sub¬ 
contract  to  General  Dynamics/Astronautics,  where  the  fractional 
distillation  process  showed  promise  for  an  airborne  separator.  This 
theoretical  and  experimental  program  was  reported  in  ASD’  TR-61  -412. 

The  theoretical  study  demonstrated  distillation  cycles  which 
could  be  compatible  with  the  propulsion  cycle.  That  is,  within  the 
limitations  of  the  inlet  pressure  and  limited  hydrogen  refrigeration, 
separation  could  be  achieved  in  a  reasonable  number  of  stages  or 
theoretical  trays  and  the  waste  nitrogen  still  could  be  recompressed  to 
expel  it  overboard  through  the  engines. 

The  experimental  program  showed  that  the  rotating  column 
principle  would  indeed  be  feasible,  since  reasonable  mass  transfer 
(tray)  efficiencies  could  be  expected.  This  substantiated  theoretical 
predictions  that  a  high  gravity  force  field  would  permit  considerably 
higher  vapor  velocities  through  the  contacting  stages,  thus  providing 

a  smaller  device . 

« 

Based  on  the  above  work  the  expanded  feasibility  study  program 
was  undertaken.  This  second  study  was  also  under  sub-contract  to 
General  Dynamics/Astronautics  on  Contract  No.  33(616)-7646  and 
reported  in  ASD  TR-61 -699  Part  II  Vol.  2.  Much  of  the  work  was 
concurrent  with  the  first  study  but  of  much  broader  scope. 

Different  methods  of  air  separation  (including  permeation, 
adsorption,  chemical  separation,  cocurrent  contactors,  sequential 
spray  chambers,  wetted  wall  separators,  and  vortex  separators)  were 
examined  but  only  the  rotating  tray-type  distillation  showed  immediate 
promise.  It  offered  a  thermodynamically  efficient  process.  Because  of 
the  low  temperature  and  high  pressure  the  fluid  densities  are  fairly  high. 
Consequently  the  volume  occupied  by  the  distillation  system  is  smaller 
than  that  required  by  other  schemes  which  usually  operate  at  higher 
temperatures.  The  chemical  technique  offered  the  advantage  of  slightly 
smaller  heat  exchangers,  and  therefore  was  recommended  for  further 
study,  even  though  the  estimated  weight  of  reactant  exceeded  the  design 
goal. 


Stationary  cocurrent  and  rotating  counter-current  distillation 
contactors  were  studied.  The  rotating  counter -current  contactor  was 
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found  more  attractive  and  additional  tests  were  conducted  to  demonstrate 
enrichment  by  counter-current  distillation  in  a  rotating  device. 

A  parallel  experimental  effort  in  boiling  and  condensing  heat 
transfer  showed  that  the  reboiler-condenser  of  the  distillation  separator 
could  be  improved.  An  order  of  magnitude  increase  in  the  overall  heat 
transfer  coefficient  seemed  possible. 

1 .3  Current  Program 

Having  been  successful  in  the  initial  steps  of  the  program  by 
experimentally  confirming  the  basic  theories  of  a  rotating  air  separator, 
a  more  detailed  analytical  and  experimental  program  was  organized 
along  functional  lines  exploring  the  columns,  the  reboiler-condenser, 
and  thirdly  the  mechanical  design  areas  requiring  applied  research. 

These  were  combined  in  the  fourth  area,  -  preliminary  design  and 
analysis  of  a  full  size  flight-weight  separator. 

The  first  areawas  distillation.  This  program  developed  the 
necessary  tray  hydraulic  data  and  mass  transfer  efficiencies  to  permit 
rational  design  of  a  rotating  distillation  column.  Although  distillation 
was  a  well  developed  science  for  stationary  (normal  gravity)  columns, 
the  knowledge  of  rotating  (50-500  g)  counter-current  vapor  -  liquid 
contactors  was  extremely  meager  at  the  inception  of  this  project.  This 
program  consisted  of  three  phases.  In  the  first,  several  types  of  sieve 
tray  segments  were  explored  visually,  and  limited  brief  hydraulic 
measurements  were  taken.  The  second  phase  developed  the  hydraulic 
data  and  mass  transfer  efficiencies  in  depth  for  the  more  promising  tray 
types.  Thirdly,  a  complete  column  (full  circumference)  containing  four 
trays  was  tested  to  demonstrate  the  uniform  tray  hydraulics  over  the 
full  circumference . 

The  second  area  of  research  and  development  was  in  heat  transfer 
as  applied  to  the  reboiler-condenser.  Referring  back  to  Figure  1-c  it 
can  be  seen  that  all  of  the  air  (saturated  vapor)  must  be  condensed  by 
the  reboiler-condenser  since  the  two  streams  leaving  the  high-pressure 
column  are  liquid.  Condensation  is  achieved  by  rejecting  heat  to  the 
liquid  oxygen  from  the  low  pressure  cnhimn.  Thus,  is  shown  the  strong 
incentive  for  Improvement  in  boiling  and  condensing  coefficients  to 
handle  these  large  quantities  of  air.  It  was  estimated  a  40-fold 
increase  in  unit  heat  fluxwas  neededover  commercial  practice  to  produce 
a  separator  within  the  target  weight  goals.  This  program  consisted  of 
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three  phases.  The  first  phase  was  to  determine  the  boiling  coefficient 
for  the  special  Linde  boiling  surface  in  oxygen  at  elevated  pressures. 

The  second  phase  reaffirmed  that  the  "g"  field  would  be  advantageous 
in  improving  the  condensing  film  coefficient  on  a  smooth  tube  and  the 
third  was  to  extend  this  improvement  by  investigating  various  novel 
condensing  surfaces.  The  fourth  phase  was  to  demonstrate  the  per¬ 
formance  of  the  most  promising  boiling  and  condensing  surfaces  in  the 
ambient  temperature  test  facility  using  UCON  fluorocarbon  fluids.  This 
last  phase  was  accomplished  by  testing  two  small  heat  transfer  discs 
to  develop  the  full  circumferential  flow  pattern  of  both  fields. 

The  third  area  of  experimental  work  Included  mechanical  develop¬ 
ment  in  support  of  the  design  of  a  1/20  scale  cryogenic  boilerplate 
separator.  This  section  Included  peripheral  seal  and  diffuser  tests, 
two-phase  flow  experiments  in  a  high  gravitational  field,  instrumenta¬ 
tion  and  control  valve  development,  and  some  fabrication  development 
for  design  of  the  reboller -condenser. 

The  fourth  and  last  area  of  study  was  solely  analytical  in  the 
preliminary  design  and  analysis  of  a  full  size  flight-weight  separator. 

In  this  section  all  experimental  results  are  combined  into  a  complete 
design.  This  work  was  divided  into  six  phases ,  The  predominant  area 
was  a  parametric  study  of  weight  and  volume,  as  of  function  of  inlet 
pressure,  and  product  and  waste  purities.  Other  studies  included 
scaling  effects,  minor  constituent  effects,  transient  study  and  off- 
design  performance,  heat  transfer  study  and  reliability. 

2.0  SUMMARY 

2.1  Conclusions 

In  general,  it  is  concluded  that  an  airborne  air  separator  is 
feasible  for  the  Aerospaceplane  concept.  It  was  shown  that  distillation 
is  practicable  in  the  rotating  column,  since  Increased  vapor  velocities 
are  possible  without  sacrificing  mass  transfer  efficiency.  Sufficient 
data  are  available  to  design  one  preferred  tray  configuration,  although 
it  likely  is  not  the  optimum  design. 

Heat  transfer  experiments  have  yielded  more  than  an  order  of 
magnitude  Increase  in  performance  as  expected.  The  special  boiling 
surface  has  been  proven  beneficial  also  in  the  high  gravitational  field. 
Condensing  experiments  have  yielded  an  order  of  magnitude  increase 
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in  film  coefficient  due  to  the  high  gravitational  forces  of  a  rotating 
system.  A  porous  condensing  surface  offers  even  greater  improvement. 

It  is  superior  to  the  other  condensing  surfaces  tested.  Operation  of 
these  surfaces  was  demonstrated  in  UCON  fluids  proving  that  one  design 
is  available  for  the  high  performance  rotating  reboiler-condenser. 

Several  experiments  conducted  in  two-phase  flow  in  pipes  and 
control  valves  in  high  gravitational  fields  have  indicated  that  the  fluid 
transfer  can  be  accomplished  within  the  rotor.  Data  has  been 
accumulated  for  the  design  of  the  first  cryogenic  unit.  Seal  tests  and 
diffuser  testa  have  substantiated  theoretical  predictions  that  the  kinetic 
energy  of  the  liquid  leaving  the  rotor  can  be  recovered  with  acceptable 
efficiencies. 

The  preliminary  design  and  analysis  shows  that  the  target  weight 
can  be  achieved  in  a  flight -weight  full  size  design.  Volume  will  slightly 
exceed  the  goal,  but  the  weight  equivalent  penalty  for  excess  volume  is 
aaceptable . 

Scaling  effect  studies  show  the  minimum  specific  weight  occurs 
between  1000  and  2000  lb. /sec.  flow  rate,  and  the  100  lb. /sec. 

'  cryogenic  boilerplate  model  can  be  scaled  up  to  2000  lb. /sec.  Other 
studies  also  confirmed  the  full  scale  design  as  a  practicable  apparatus. 

2 . 2  Recommendations 

The  program  to  date  has  yielded  a  column  design  and  a  reboller- 
condenser  design  which  appear  capable  of  demonstrating  feasibility  of 
the  airborne  air  separator.  However,  these  are  not  optimized,  and 
further  study  will  likely  permit  a  more  compact  design. 

In  distillation,  the  mass  transfer  may  be  improved  by  investi¬ 
gating  the  optimum  flow  length  and  weir  height  for  the  trays.  This 
program  will  determine  the  enhancement  in  tray  efficiency  possible  in 
a  rotating  column.  In  a  more  general  sense  it  can  be  stated  that  deeper 
understanding  of  the  phase  contact  mechanism  is  required.  Particle 
sizes,  phase  continuity,  and  specifications  of  the  microhydraullc 
mechanism  by  which  mass  transfer  is  controlled,  all  remain  largely 
unknowns.  Admittedly  it  is  not  necessary  to  know  these  to  design 
columns,  but  substantial  breakthrough  most  often  follows  a  deeper 
understar- Ung  of  the  physical  processes.  Thus,  to  improve  the  degree 
of  success  in  this  program,  this  study  is  recommended. 
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The  improvement  in  condensing  heat  transfer  made  under  this 
contract  should  be  explored  under  additional  studies  to  optimize  the 
pore  size,  pore  geometry,  coating  thickness  and  orientation  to  the  "g" 
field.  Other  improvements  in  heat  transfer  may  be  presented  through 
additional  study  but  this  area  appears  most  promising  at  this  time. 

Considerable  further  mechanical  research  efforts  in  the  areas  of 
fluid  mechanics,  internal  separator  fluid  transfer  controls,  mechanical 
elements  and  particularly  fabrication  techniques  is  required  before  design 
of  a  flight-weight  separator  can  be  approached.  Examples  for  proposed 
studies  are  supplemental  two-phase  flow  tests,  refinement  of  control 
valves  to  accommodate  the  variable  flow  conditions  expected  in  the 
ultimate  propulsion  system,  peripheral  liquid  seals  and  diffusers,  and/or 
peripheral  liquid  transfer  pumps.  Special  emphasis  is  recommended 
for  the  area  of  fabrication  where  available  techniques  for  construction 
of  large  thin  gauge  structures  are  inadequate  for  the  precision  and 
dynamic  balance  required  in  a  flight-weight  separator.  In  conjunction 
with  the  proposed  research  effort, design  and  construction  of  a  scale 
light-weight  separator  is  recommended  for  test  in  the  100  lb. /sec, 
facility  at  the  earliest  possible  date.  Such  a  device  would  bring  into 
focus  many  of  the  mechanical  problems  facing  design  of  a  flight-weight 
unit  and  demonstrate  feasibility  of  the  rotating  distillation  separator 
concept  from  mechanical  as  well  as  functional  points  of  view. 

As  the  experimental  results  are  accumulated  they  should  be 
related  to  the  final  product,  a  fllght-v/eight  full  size  separator.  A 
preliminary  design  function  is  required  to  present  the  latest  estimate 
of  reliability,  weight,  and  volume  of  the  airborne  unit.  Separation 
cycles  must  also  be  studied  on  a  continuing  basis  to  accomplish  the 
most  efficient  Integration  with  the  propulsion  system. 

3 . 0  DISTILLATION  EXPERIMENTAL  AND  ANALYTICAL  PROGRAM 

3.1  Introduction 

Distillation  is  defined  as  the  separation  of  a  mixture  of  gases 
or  miscible  liquids  into  the  various  components  utilizing  their  difference 
in  volatility.  Volatility  is  defined  as  the  tpindency  of  a  liquid  to 
vaporize.  This  type  of  separation  occurs  within  the  temperature  range 
required  by  the  highest  boiling  temperature  of  the  least  volatile 
component  and  the  lowest  condensing  temperature  of  the  most  volatile 
component.  An  excellent  treatise  on  distillation  can  be  found  in 
Reference  1. 
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In  air  separation,  distillation  occurs  in  the  cryogenic  temperature 
range  where  theipper  temperature  limit  is  determined  by  the  oxygen 
component  and  the  lower  temperature  limit  by  the  nitrogen  component. 

The  technology  for  air  separation  has  been  well  established,  but 
improvements  through  research  and  development  still  continue. 
Technological  advances  in  areas  of  conventional  air  separation  have 
been  primarily  geared  toward  intrinsically  higher  cycle  efficiencies 
and  thus  a  correspondingly  lower  consumption  of  energy  (lower  vapor 
velocities  and  pressure  drop.)  Overall  plant  and  production  costs  are 
therefore  of  prime  importance  whereas  system  weight  and  volume  assume 
secondary  position. 

However,  in  design  of  an  airborne  air  separation  system, 
especially  when  a  flow  rate  of  2000  lb. /sec.  is  considered,  a  different 
approach  is  necessary.  This  flow  rate  is  approximately  70%  of  the 
rated  throughput  of  the  combined  U.S.  oxygen  producing  plants.  Thus, 
based  on  weights  and  volumes  of  commercial  oxygen  plants,  this 
approach  is  obviously  unrealistic  for  the  Aerospaceplane. 

To  solve  the  problem  it  was  proposed  that  the  distillation  be 
performed  in  a  very  high  gravitational  field,  which  is  developed  by 
rotating  the  distillation  unit.  The  advantage  of  this  approach  is  that  it 
permits  considerably  higher  vapor  velocities  and  thus  smaller  column 
cross  sections.  In  the  conventional  distillation  column  the  vapor  flows 
upward  counter  to  liquid  which  is  propelled  downward  by  normal  gravity. 
In  the  rotating  system,  gravitational  force  again  propels  liquid,  in  this 
case  radially  outward,  counter -current  to  the  vapor.  However,  the 
much  larger  forces  now  acting  on  the  liquid  permit  much  higher  velocities 
of  the  vapor  flowing  in  the  opposite  direction  without  disrupting  the 
general  counter  flow  of  the  two  phases  -  which  would  mean  a  breakdown 
of  the  distillation  process.  This  high  vapor  velocity  is  achieved  at  the 
expense  of  power  in  the  form  of  pressure  drop  in  the  vapor  stream  as  it 
moves  through  the  high  "g"  liquid.  It  turns  out  that  this  high  pressure 
drop  dissipated  on  the  "frotW  on  the  trays  causes  such  an  intimate 
contact  between  liquid  and  vapor  that  it  greatly  aids  mass  transfer  on  the 
trays.  This  will  be  amplified  by  further  discussion  throughout  the  report. 


As  shown  in  Figure  i -c  a  heat  exchanyei  is  necessary  between 
the  high  and  low  pressure  columns .  A  prime  concern  is  to  make  available 
the  largest  possible  temperature  difference  across  this  exchanger  to 
minimize  Its  size  and  weight.  Because  this  temperature  difference  is 
determined  by  the  condensing  and  boiling  pressures  in  the  exchanger, 
the  pressure  drop  in  the  high  and  low  pressure  columns  must  be  minimized. 
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This  shows  the  essence  of  the  design  of  the  airborne  distillation  unit. 
Pressure  drop  must  be  optimumly  distributed  between  columns  to  minimize 
system  weight  since  there  is  a  counter  trend  between  column  and  heat 
exchanger  weight.  Pressure  drop  is  also  a  function  of  rotational  speedy 
therefore  providing  a  second  consideration  in  optimization. 

To  accomplish  this  optimization,  the  distillation  process  was 
explored  analytically  and  experimentally.  Specific  goals  were  to 
establish  the  critical  design  factors  such  as  minimum  tray  areas  (maximum 
superficial  vapor  velocity),  minimum  tray  spacing,  mass  transfer 
efficiency  and  pressure  drop. 

Early  in  the  air-water  program  (Ref.  2)  it  was  established  that  a 
rotating  contactor  might  readily  accommodate  vapor  velocities  in  excess 
of  30  ft. /sec.  at  accelerations  of  less  than  500  Ng.  It  was,  nevertheless, 
equally  apparent  that  under  these  circumstances  the  liquid  handling 
capacity  of  standard  downcomer  configurations  was  not  nearly  in  propor¬ 
tion  to  their  vapor  throughput  capabilities.  As  a  result,  emphasis  was 
at  first  placed  upon  the  use  of  ripple  trays  which  seemingly  offered 
substantially  greater  liquid  throughputs  than  did  downcomer  trays. 
Generally  speaking  the  prime  purpose  of  this  Initial  program  was,  how¬ 
ever,  'demonstration  of  basic  functional  feasibility  rather  than  the 
development  of  an  optimum  tray  geometry.  The  latter  was  to  be 
accomplished  to  some  degree  as  part  of  the  subsequent  UCON  fluoro¬ 
carbon  fluid  experiments  (Ref.  3)  which  were  planned  so  as  to  provide  a 
much  closer  simulation  of  liquid  air  physical  properties  than  had  been 
possible  with  air  and  water.  It  was  then  learned  that  high  free  area 
ripple  trays,  as  they  were  first  conceived,  left  much  to  be  desired  from 
a  point  of  view  of  stability  and  separation  efficiency.  Also,  with  the 
UCON  fluid  system  there  appeared  to  be  a  general  shift  in  acceptable 
throughput  from  what  had  been  found  earlier.  At  a  given  tray  acceleration 
both  the  column  vapor  handling  capacity  and  the  pressure  drop  were 
noticeably  below  their  anticlpeted  values,  a  trend  that  could  only  be 
attributed  to  the  differences  in  certain  physical  properties  between  the 
two  systems. 

As  a  result  of  these  findings,  the  program  reported  herein 
comprises  three  phases:  (1)  development  oi  an  operable  tray  geometry, 

(2)  the  detailed  evaluation  of  the  hydraulic  and  mass  transfer  performance 
of  this  configuration  employing  relatively  small,  segmental  trays,  and 

(3)  confirmation  of  the  latter  technology  with  a  complete  circumferential 
tray  to  prove  the  hydraulic  stability  of  such  a  geometry.  Parts  one  and 
two  were  conducted  using  UCON  12  and  UCON  114  as  the  test  fluids, 
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whereas  in  part  three,  for  reasons  of  system  capacity,  UCON  21 
and  UCON  114  were  employed.  The  degree  to  which  these  experiments 
simulated  future  liquid  air  conditions  is  shown  in  Table  1>  where 
the  earlier  air  and  water  operation  has  also  been  summarized.  Much 
in  contrast  to  the  air-water  system,  the  UCON  fluids  are  seen  to 
duplicate  the  physical  properties  of  liquid  air  very  closely  with  the 
exception  of  liquid  density.  It  is  felt  that  this  property  difference 
may,  however,  be  adequately  accounted  for  without  the  necessity  of 
actual  variations  of  the  test  fluids.  Of  the  remaining  physical 
properties,  surface  tension  appears,  for  reasons  to  be  discussed  in 
a  subsequent  section,  to  bear  an  Important  influence  upon  the 
performance  of  a  rotary  distillation  column  as  it  is  described  here. 

It  may  be  seen  from  Table  1  that  this  parameter  was  particularly 
well  simulated  with  the  present  fluid  systems. 

Based  upon  the  experimental  results  one  may,  therefore, 
proceed  with  considerable  confidence  to  design  a  cryogenic  test 
rotor  without  the  expense  and  difficulties  associated  with  the  develop¬ 
ment  of  the  overall  tray  technology  at  cryogenic  temperatures. 

3.2  Summary 

The  UCON  fluid  mass  transfer  program,  executed  under 
AF  33(657)-8722,  is  reported  here.  Also  earlier  findings  from  air- 
water  experiments  made  during  previous  subcontracts  under  AF  33(616)- 
7509  and  AF  33(616)-7646  are  Included  for  comparison.  These  findings 
constitute  our  knowledge  of  the  performance  of  distillation  trays 
operated  in  high  centrifugal  force  fields . 

This  program  consisted  of  three  phases.  In  the  first,  several 
types  of  sieve  trays  were  briefly  studied  by  means  of  hydraulic 
measurements  and  visual  observations  made  of  single  3x4  inch  trays 
operated  over  a  range  of  50  to  500  Ng.  Second  phase  experiments 
studied  thoroughly  the  most  promising  types.  These  were  the  same  size 
but  were  Installed  four  in  tandem  to  Increase  the  accuracy  of  the  mass 
transfer  measurements.  In  the  third  phase  of  the  program  a  four-tray 
column  was  tested,  with  each  tray  extending  around  the  entire  rotor 
circumference.  This  demunsuaied  the  applicability  of  the  earlier 
findings  to  a  tray  configuration  approximating  the  final  configuration. 

Data  taken  from  the  first  two  phases  of  the  program  has  been 
correlated  to  predict  design  factors  such  as  minimum  tray  areas  and 
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TABLE  1 

SYSTEM  PROfSMff? 


Alr-Water  _ Ucon  12-114 _ Veen  21-114  Liquid  Air 


PROPERTY 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

V  - 

S  160. 

6.97 

47.2 

4. 26 

26.4 

5.26 

7.70 

4.0 

10.0 

Ft.' 

.ISO 

1.43 

1.32 

3.74 

0.89 

1.27 

.76 

4.07 

Ft.' 

62.0 

62.0 

76.4 

90.0 

81.5 

84.7 

38.7 

60.6 

“v/^L 

.00242 

.0231 

.6169 

.0416 

.0109 

.0150 

.0196 

.0672 

0  / 

'^L/b  aao. 

.010 

.149 

0 

.168 

V 

6 

400 

29 

304 

12.6 

212 

128 

505 

h,-  In. 

0.9 

3.0 

0.3 

3.0 

O.l 

1.8 

0.8 

1.5 

My  -  Cp. 

.016 

.016 

.012 

.013 

.012 

.012 

.006 

.008 

“L  -  cp- 

1.0 

1.0 

.260 

.330 

.279 

.332 

■  080 

.150 

.  Dvnaa 
®  CM 

72 

72 

'5 

'll 

15 

17 

4 

11 

o/u 

4000 

4000 

416 

846 

1250 

1420 

667 

1375 

^  sec. 

6.2  X  10"® 

7.6  X  lO'® 

4.6  X  lO"® 

6.6x  lO"® 

3.3  X  lO"® 

3.8  X  lO'® 

2.3  X  lO'® 

7.0  X  10"® 

D  -DJ. 
L  aac. 

1.2  X  lO"® 

2.3  X  10‘® 

3.9  X  lO'® 

5.1  X  lO'® 

2.3  X  lO”® 

■ 

3.0  X  lO"® 

5  X  lO"® 

11  X  lO"® 

NOTE:  UCON  li  a  raglatarad  tradamark  ol  Union  Carbide  Corporation.  In  thaia  axparlmanti  the  tollowlnq  UCON 
fluorocarbon  fluldi  ware  uiad . 

UCON  12  -  dlchlorodlfluoromethana  C  Clj  Fj 
UCON  21  -  dlehlorofluoromethane  C  H  Clj  F 
UCON  114  -  dlchlorotatrafluoroathana  C  Cl  Fj-C  Cl  Fj 
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spacinga,  mass  transfer  efficiency,  and  pressure  drop.  These  are 
reported  as  functions  of  the  physical  properties  of  the  fluids,  relevant 
changes  in  tray  geometry,  liquid  and  vapor  flow  rates,  and  centrifugal 
force . 


The  following  conclusions  summarizing  the  results  of  this  section 

are: 


a.  Tray  type  distillation  columns  operating  in  a  centrifugal 
force  field  are,  hydraulically,  an  entirely  feasible  way  of  decreasing 
the  required  vapor  flow  carca(and  hence  volume  and  weight)  of  the  column. 
Over  the  range  of  accelerations  tested  (50  to  500  Ng),  the  required 
flow  area  varied  inversely  as  the  square  root  of  the  acceleration. 

b.  Mass  transfer  and  vapor  velocity  of  the  preferred  tray 
design  both  Increase  with  centrifugal  acceleration.  However,  the 
inverse  dependency  of  NTU  upon  vapor  velocity  limits  the  extent  to 
which  it  is  beneficial  to  increase  the  acceleration  field. 

c.  Frictional  pressure  drop  (a  measure  of  the  mass  transfer 
power  requirement)  varies  with  the  l/2  to  2/3  power  of  the  acceleration. 
(The  exact  relation  can  be  specified  if  the  tray  length  is  known.  An 
optimization  of  this  latter  variable  was  beyond  the  capabilities  of  the 
present  program.) 

d.  A  recommended  sieve  tray  configuration  is  presented  as 
Figure  14.  This  configuration  was  evolved  by  observation  of  the 
performance  of  a  succession  of  partially  successful  designs  with  cor¬ 
rections  made  at  each  step  to  eliminate  observed  operational 
Inadequacies. 


e.  Extensive  data  was  taken  on  the  effect  of  geometric 
and  operating  variables  upon  the  performance  of  the  recommended 
configuration.  This  is  presented  in  the  form  of  tables,  graphs,  and 
equations  for  the  convenience  of  the  developmental  designer. 

f.  A  circumferential  tray  rotor  was  designed  according  to 
the  above  recommendations  and  tested  with  a  different  fluid.  Its 
operation  was  in  agreement  with  the  predictions  of  the  earlier  data 
correlations.  Equally  Important,  it  was  observed  that  there  were  no 
liquid  distribution  problems,  flow  instabilities,  or  mechanical 
vibrations . 

The  following  presents  recommendations  for  future  work; 
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a.  For  the  recommended  tray  configuration  the  greatest 
present  uncertainty  is  the  variation  in  performance  with  tray  length. 
This  has  two  aspects.  First,  an  increased  length  results  in  more 
separation  per  tray  by  decreasing  the  amount  of  mixing  between  liquids 
entering  and  leaving  the  tray.  This  is  countered  by  the  posfelbillty  of 
froth  gradients  causing  maldistribution  of  flows  and  higher  pressure 
drops.  It  is  believed  these  detrimental  factors  can  be  minimized, 
however,  by  proper  design.  The  theoretical  promise  of  efficiency 
enhancement  is  substantial,  indicating  it  should  certainly  be  explored 
experimentally. 


b.  In  a  more  general  sense  one  may  say  that  much  remains 
to  be  done  before  we  understand  the  details  of  the  phase  contact 
mechanism.  Particle  sizes,  phase  continuity,  and  specification  of 
the  mlcrohydraulic  mechanism  by  which  mass  transfer  is  controlled,  all 
remain  unknown.  While  it  is  admittedly  not  necessary  to  know  these  to 
design  columns,  or  to  discover  improvements,  substantial  breakthroughs 
most  often  follow  a  deeper  understanding  of  physical  processes.  Thus, 
to  the  degree  that  an  improved  distillation  process  can  improve  over- all 
program  success,  basic  research  is  recomrnended  in  this  area. 

3.3  Chronology  of  the  Experimental  Tray  Program 

3.3.1  Experimental  Equipment 

A  flow  circuit  has  been  constructed  to  allow  simulation  of  either 
the  low  or  high  pressure  sections  of  a  rotary  air  distillation  column  and 
to  permit  both  tray  and  hydraulic  and  subsequent  reboller-condenser  heat 
transfer  tests  to  be  conducted.  Figure  2  is  a  simple  schematic  of  the 
flow  loop  which,  in  this  instance,  was  designed  to  deliver  a  maximum 
fluid  rate  of  about  6  lb. /sec.  of  UCON  fluid  at  pressures  up  to  150  psig 
and  liquid  to  gas  ratios  either  greater  or  less  than  unity.  The  test 
columns  could  be  rotated  at  speeds  of  up  to  120  rad. /sec.  yielding 
average  accelerations  of  over  500  times  those  of  normal  gravity.  A  more 
detailed  description  of  the  entire  flow  circuit  and  its  components,  in¬ 
cluding  the  test  rotor,  is  given  in  Appendix  1. 

3.3.2  Initial  Tray  Experiments 

From  the  outset  it  appeared  that  a  comparative  evaluation  of 
downcomer  and  ripple  trays  in  UCON  fluid  service  would  be  most  desir¬ 
able.  In  addition,  it  was  decided  that  the  majority  of  hydraulic 
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experiments  be  confined  to  single  tray  tests  on  account  of  reduced 
fabrication  time  and  ease  of  data  reduction.  Table  2  represents  a 
summary  of  the  pertinent  geometric  tray  variations  that  have  been 
examined  in  approximately  the  chronological  order  in  which  the  experi¬ 
ments  occurred.  All  but  the  series  M  -  A  through  M  -  F  runs  were 
conducted  with  single  trays . 

With  respect  to  the  ripple  tray  configurations  it  was  noted  that 
they  were  generally  quite  susceptible  to  phase  maldistribution  and  liquid 
channeling  effects;  factors  primarily  responsible  for  their  limited  range- 
ability.  Figures  3  and  4  are  representations  of  the  two  basic  ripple  tray 
layouts  as  well  as  typical  views  of  their  actual  operating  behavior  in 
what  might  be  described  as  stable  range.  It  is  worth  noting  that  while 
in  both  Instances  the  major  portion  of  the  liquid  flow  occurred  via  the 
depressed  regions,  there  is  also  evidence  of  a  certain  amount  of  weeping 
at  the  "trailing  edge"  of  the  plate.  It  will  be  shown  later  that  this 
phenomenon  is  directly  attributable  to  Coriolis  acceleration  effects.  The 
latter  are  also  thought  to  be,  to  a  great  degree,  responsible  for  the  mal¬ 
distribution  problems  encountered  in  many  multiplate  ripple  tray  experi¬ 
ments,  as  shown,  for  instance,  in  Figure  5.  By  contrast:,  Figure  6 
represents  a  more  stable  operation. 

It  is  apparent  from  these  photographs  that  this  ripple  tray  column 
acts  more  like  a  continuous  counter-current  contactor  rather  than  as  a 
tray  contactor.  This  observation  was  borne  out  later  during  a  series  of 
efficiency  experiments  which  showed  the  separation  efficiencies  to  be 
Independent  of  the  number  of  trays  in  a  given  contacting  section. 
Unfortunately,  the  efficiencies  were  also  considerably  lower  than  those 
measured  with  downcomer  tray  columns. 

Thus,  the  downcomer  trays  appeared  to  be  most  favorable  on 
the  basis  of  schedule  and  cost  for  the  current  development  effort.  It  is 
possible  that  future  work  could  lead  to  the  development  of  a  high 
perfo,rmance  ripple  tray.  However,  since  downcomer  trays  appeared  to 
provide  the  best  performance  at  present,  they  are  emphasized  in  this 
study. 


The  downcomer  trays  did  at  first  piesanL  a  iiumbei  of  uifficulLies 
never  before  experienced  in  air-water  service.  Figure  7  represents  a 
view  of  the  first  tray  layout  and  its  stable  operation.  In  order  to 
conserve  as  much  active  area  as  possible,  the  inlet  weir  had  been 
deleted  during  series  A  experiments.  The  results  were  excessive  weeping 
and  tray  instability  near  the  inlet  section.  It  was  concluded  that  the 
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B-R  -  Bi-Rotational  Liquid  Flow 

C-C  -  Counter  Current  Liquid  Flow 
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introduction  of  liquid  directly  onto  a  perforated  section  makes  it 
difficult  for  the  vapor  to  flow  in  this  region  and  that  consequently  some 
means  of  initiating  the  bubbling  is  required.  The  problem  is  caused  by 
the  high  gravities  and  the  low  permissible  dry  plate  losses  of  the  tray. 

It  was  found  that  this  difficulty  could  be  eliminated  by  a  small  inlet 
weir,  which  apparently  allows  adequate  dispersion  of  the  liquid  stream 
before  it  reaches  the  tray  surface. 

During  the  succeeding  series  of  experiments  other  weeping  and 
maldistribution  effects  were  found.  These  were  first  brought  to  light 
by  the  seemingly  Inconsistent  nature  of  the  experimental  data.  Another 
indication  of  the  difficulty  was  given  by  series  D  and  E  experiments 
where  the  downcomers  were  located  in  the  center  of  the  tray,  as  shown 
in  Figures  8  and  9,  and  liquid  flowed  both  with  and  against  the  rotation. 
The  extreme  maldistribution  effects  apparent  from  these  photographs 
prompted  a  re-examination  of  acceleration  forces  acting  upon  the  liquid. 
Also,  a  series  of  downcomerless  or  flat  plate  experiments  were  initiated 
specifically  to  study  the  weeping  behavior. 

3.3.3  Effect  of  Coriolis  Acceleration  Upon  Tray  Performance 

The  results  of  these  developments  led  to  the  conclusion  that 
Coriolis  acceleration  exerts  a  major  influence  upon  the  froth  behavior 
and  may  even  lead  to  inoperable  column  conditions,  especially  at 
low  dry  plate  pressure  drops.  For  the  moment  let  us  briefly  examine 
this  acceleration  in  a  very  simple  fashion  according  to  Figure  10  which 
follows . 
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In  relation  to  a  stationary  reference  frame  let  the  tangential 
velocity  of  the  tray  be  Vj  =  Rco  as  Indicated.  The  gravitational  field 
experienced  by  it  is  then  given  by  Ng  =  RtoZ/g .  Flow  of  the  liquid  on 
the  other  hand,  occurs  against  the  direction  of  rotation.  The  follow¬ 
ing  Is  the  superficial  froth  velocity  relative  to  the  tray: 

V  f/T  =  (1/b)  (Ql/o  hj)  (1) 

The  absolute  velocity  of  the  froth  (aerated  liquid)  in 
reference  to  a  stationary  frame,  is  then  given  by: 


Vf  =  VT 


'f/T 


(2) 


Therefore  the  aerated  liquid  on  the  tray  experiences  a 
centrifugal  acceleration  of  _  „ 

i  r  ^ 

b  ^  ghf 


(Ru)  -  I 


(3) 


or 


Ng  = 


I  (-ah 


f 


'  )  CO  + 


1  2 
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The  second  term  in  the  above  equation  is  recognizable  as  a 
Coriolis  acceleration.  It  may  be  shown  that  within  the  framework  of 
the  experiments,  froth  velocities  in  excess  of  10ft.  per  second  were  not 
uncommon,  leading  to  a  Coriolis  component  of  up  to  25%.  At  the  same 
time,  the  influence  of  the  third  term  is  usually  negligible  so  that  in 
general  one  may  approximate  the  effective  gravitational  acceleration  of 
the  froth  as  it  moves  along  the  tray  by: 


Ng° 


{Ng)c  = 


2 

Ro) 


(5) 


g 


By  similar  reasoning  it  is,  of  course,  evident  that  the  Coriolis 
component  would  be  additive  if  the  liquid  flow  direction  were  reversed; 
or  in  other  words,  if  the  path  were  co-rotational .  Under  these 
circumstances  the  dispersed  phase  then  experiences  an  acceleration 
greater  than  does  the  tray. 

By  now,  operation  of  the  "flat"  or  downcomerless  trays  had 
already  confirmed  early  speculation  as  to  the  importance  of  this 
acceleration  effect.  Figure  11  represents  a  view  of  such  a  tray  includ¬ 
ing  a  typical  operating  condition.  Here  liquid  flows  counter  to  the 
rotation  and,  while  it  is  flowing,  the  effective  gravitational  field  might 
be  approximated  by  equation  5.  Upon  contact  with  the  wall  at  the  right 
of  the  picture  it  is,  however,  re -accelerated  to  the  tangential  velocity 
of  the  rotor,  since  now  Vf/T  =  0.  The  resultant  Increase  in  potential 
head  which  Includes  the  increase  brought  about  by  the  conservation  of 
liquid  momentum,  causes  weeping  in  the  immediate  vicinity  of  the  wall, 
or  In  this  Instance,  just  prior  to  the  dummy  outlet  weir.  This  potential 
head  is,  of  course,  counteracted  by  the  upward  forces  exerted  on 
account  of  pressure  drop  across  the  tray,  so  that  at  conditions  of  high 
dry  plate  head  losses,  the  weeping  may  actually  disappear. 

The  above  reasoning  was  substantiated  by  several  hundred 
weeping  experiments  conducted  with  “flat",  downcomerless  trays  of 
various  free  areas.  The  construction  simplicity  and  weight  advantages 
of  such  a  tray  configuration  may  in  themselves  prove  to  be  of  major 
advantage  lo  fulure  designs. 
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3.3.4  An  Operational  Downcomer  Tray 

These  developments  now  pointed  toward  two  prerequisites  for 
an  operational  downcomer  tray: 

For  one,  the  liquid  flow  direction  should  be  contra-rotational 
at  all  times.  The  resultant  Coriolis  acceleration  effect  may  then  be 
looked  upon  as  promoting  the  tray  activity  at  the  inlet  where  the 
transition  from  clear  to  dispersed  liquid  might  otherwise  cause  weep¬ 
ing .  Liquid  radial  acceleration  at  the  exit,  in  turn,  facilitates  froth 
disengagement  and  drainage  into  the  downcomer. 

Secondly,  the  use  of  an  outlet  weir  as  such  is  an  ineffective 
method  of  froth  height  control  and  generally  leads  to  weepage  upstream 
of  the  weir.  A  weir  or  flow  barrier  must  be  provided  behind  the  down¬ 
comer  to  accelerate  the  liquid  and  thereby  to  aid  the  froth  disengage¬ 
ment.  In  a  segmental  rotor  this  barrier  is,  of  course,  furnished  by  the 
confining  chamber  walls  whereas  a  peripheral  contactor  must  be 
provided  with  special  flow  barriers  that  are  roughly  equal  in  height  to 
that  of  the  froth . 

The  initial  series  of  multitray  experiments  were,  nevertheless, 
conducted  with  a  bi-directional  liquid  flow  arrangement  as  shown  in 
Figure  12.  In  spite  of  a  sloped  inlet  section  on  the  two  trays  with 
co-rotatlonal  flow,  the  maldistribution  effects  are  very  evident  from  the 
photograph.  While  this  condition  might  have  been  rectified  by  resizing 
the  tray,  reversing  the  froth  flow  seemed  better.  Thus  complete  contra- 
rotational  liquid  flow  was  chosen  for  the  next  two  series  of  multiray 
experiments  as  well  as  for  two  subsequent  series  of  single  tray  runs. 

As  seen  from  Figures  13  and  14,  the  use  of  small  tubes  made  this 
possible  even  in  a  segmental  column.  The  vast  Improvement  in  tray 
performance  is  apparent.  In  these  as  well  as  the  prior  experiments, 
outlet  weeping  was  eliminated  through  use  of  very  low  weirs  or  their 
elimination  altogether. 

It  is  this  particular  tray  arrangement  which  thus  represents  the 
end  result  of  the  second  phase  of  our  development  program.  Proof 
testing  of  this  design  was  subsequently  undertaken  during  a  third  test 
phase  employing  a  four-tray  circumferential  rotor. 
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3.3.5  Circumferential  Rotor  Experiments 

To  simulate  the  cryogenic  unit,  the  UCON  fluid  system  was 
modified, as  described  In  Appendix!, to  provide  higher  flow  rates.  UCON 
21  was  chosen  as  an  operating  fluid  because  its  low  gas  density  would 
yield  higher  vapor  velocities  than  any  other  common  fluid  while  it  still 
exhibited  physical  properties  not  too  different  from  liquid  air. 

The  tray  configuration  and  a  typical  operating  condition  can  be 
seen  in  Figure  15.  During  fabrication  of  the  trays,  an  acid  cleaning 
step  was  used  which  resulted  in  an  increase  in  hole  diameter  from 
0.030  inches  to  0.037  inches.  This  etching  increased  the  free  area  of 
the  trays  from  20%  to  24%  which  caused  concern  about  tray  operation. 

It  was  shown  in  the  segmental  tests  that  if  the  dry  plate  pressure  drop 
was  less  than  0.3  times  the  hydrostatic  head,  the  trays  could  weep 
excessively.  Since  it  appeared  that  this  would  happen  with  the  increased 
free  area,  it  was  decided  to  block  off  3/16  of  an. inch  from  both  sides  of 
the  trays  by  laying  a  bead  of  solder  along  the  edges,  thus  decreasing  the 
width.  This  procedure  effectively  increased  the  dry  plate  pressure  drop 
to  enable  stable  tray  operation,  but  caused  minor  problems  in  the 
correlation  of  the  data  as  discussed  later  in  this  report.  Table  3 
summarizes  the  geometry  of  the  circumferential  trays. 

It  might  be  pointed  out  that  the  reasons  for  offsetting  the 
downcomers  in  the  manner  shown  center  around  the  question  of  weeping . 
The  arrangement  chosen  for  this  column  prevents  liquid  bypassing  of 
more  than  one  contacting  stage  if  weeping  occurs,  as  it  usually  does, 
at  either  the  inlet  or  the  outlet  of  the  tray. 

The  test  program  demonstrated  that  the  operation  of  a  rotor  of 
this  type  is  both  hydraulically  and  mechanically  stable,  and  that  its 
performance  may  be  predicted  correctly  by  the  segmental  tray  correlations . 

3.4  Analysis  and  Correlation  of  Data 

3.4.1  D'^a  Reported 

In  line  with  the  preceding  discussion  one  might  categorize  the 
UCON  fluid  experiments  according  to  tray  type  roughly  as  follows: 
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a.  Downcomer  trays  with  outlet  weirs;  contra -rotational 
as  well  as  co-rotational  liquid  flow. 

b.  Ripple  trays;  totally  counter-current  contacting. 

c.  Flat  plate  trays  without  downcomers;  parallel  contra- 
rotational  liquid  flow  path. 

d.  Downcomer  trays  without  outlet  weirs;  contra -rotational 
liquid  flow  path. 

Experimental  results  obtained  with  these  various  segmental 
tray  geometries  are  reported  in  Appendix  E.  Subsequent  circumferential 
tray  data  is,  in  turn,  given  in  Appendix  IV while  the  pertinent  physical 
and  thermodynamic  fluid  properties  utilized  in  the  reduction  of  laboratory 
data  are  included  in  Appendix  II .  Since  the  last  of  the  above  configu¬ 
rations  was  established  as  most  suitable  for  the  boilerplate  cryogenic 
air  separator,  detailed  analysis  of  the  data  was  almost  exclusively 
confined  to  these  trays.  Referring  to  Table  2  this  would  Include  test 
series  S-E,  S-F,  M-A,  M-B,  M-D,  and  M-E,  covering  free  areas  of 
from  14  to  26%.  The  discussion  to  follow  describes  the  results  of  this 
effort. 

3.4.2  Segmental  Tray  Data  -  Hydraulios 
3 . 4 . 2 . 1  General  Comments 

The  liquid  and  vapor  phases  traverse  a  downcomer  tray  in 
crossflow,  liquid  flowing  for  a  certain  distance  along  a  concentric 
tray  element  oefore  beinc  guided  via  downcomer  tubes  to  the  next 
stage.  Vapor,  on  the  other  hand,  flows  in  a  radially  inward  direction 
along  a  curvilinear  path  governed  in  part  by  the  Coriolis  forces  exerted 
upon  it.  In  so  doing,  it  is  brought  into  repeated  contact  with  liquid  on 
the  trays  and  forms  a  more  or  less  homogeneous  two-phase  dispersion. 
It  is  Important  that,  the  vapor,  be  adequately  disengaged  from  the 
liquid  before  entering  the  next  tray.  The  liquid  flow  across  the  tray 
thus  represents  a  complex  case  of  two-phase  open  channel  flow.  The 
crest  height  at  the  outlet  weir  and  the  resultant  froth  height  establish 
the  minimum  spacing  between  successive  trays  at  a  given  column 
operation  and  are  Influenced  greatly  by  the  prevailing  gravitational 
field.  The  latter  also  plays  a  significant  role  in  the  reduction  of 
hydraulic  gradients  which  might  normally  be  expected  at  the  high  liquid 
loadings  in  question  and  for  trays  of  any  appreciable  flow  path  length. 
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The  overall  operation  of  a  tray  is,  in  simple  terms, bounded  by 
serious  liquid  entrainment  or  flooding  on  the  one  hand  and  by  weeping  or 
dumping  on  the  other.  Since  both  weeping  and  entrainment  generally 
occur  to  some  extent  at  almost  all  conditions,  one  can  evaluate  such 
factors  only  in  terms  of  the  detrimental  effects  their  existence  has  upon 
overall  column  performance,  in  particular,  upon  the  tray  efficiency. 

Accurate  weeping  or  entrainment  criteria  should,  therefore,  be  based  upon 
rate  measurements  which,  of  course,  are  almost  impossible  to  obtain  for 
a  rotating  assembly  of  trays.  Fortunately,  it  has  been  found  that  at 
conditions  where  these  effects  begin  to  seriously  reduce  the  tray  perfor¬ 
mance  they  are  also  relatively  easily  discernible  by  means  of  visual 
observations.  Weeping  and  flooding  criteria  have,  therefore,  been 
established  for  rotating  sieve  trays  in  a  somewhat  arbitrary  fashion  but 
have  proved  to  be  quite  valid  for  the  operating  conditions  in  question. 

3. 4. 2. 2  The  Dispersion  Mechanism 

Before  proceeding  with  a  discussion  of  the  experimental  data, 
it  may  be  worthwhile  to  speculate  as  to  the  dispersion  mechanism  which 
governs  the  hydraulic  behavior  as  well  as  the  mass  and  momentum 
transfer  characteristics  of  rotary  distillation  trays. 

In  conventional  columns  the  two-phase  dispersion  takes  the 
form  of  a  froth  or  foam  consisting  of  numerous  bubbles  distributed 
throughout  the  liquid.  At  the  surface,  however,  where  the  bubbles 
burst,  one  generally  finds  a  spray  extending  into  the  disengagement 
space,  consisting  of  a  multitude  of  liquid  particles  of  varying  sizes. 

It  may  also  be  noted  that  on  conventional  cryogenic  trays  more  spray  is 
generated  than  on  an  air-water  tray.  A  multitude  of  visual  and  photographic 
observations  of  rotary  sieve  trays  coupled  with  some  qualitative  reasoning 
has,  furthermore,  led  to  the  speculation  that  at  the  high  velocities  and 
gravitational  fields  in  question,  the  bulk  of  the  two-phase  mixture 
consists  of  liquid  particles  dispersed  within  the  gas  phase.  In  part 
such  reasoning  is  also  based  upon  the  work  that  has  been  reported  in 
the  open  literature  covering  the  stability  of  liquid  globules  or  sheets  in 
turbulent  gas  streams . 

For  instance,  one  may  visualize  that  vapoi  jets  is-suiny  rrom  the 
perforations  at  velocities  ranging  as  high  as  120  ft. /sec,  will  first 
disrupt  the  adj  acent  liquid  layer  into  numerous  fluid  ligaments .  In  so 
doing,  the  vapor  transfers  momentum  to  the  liquid  and  in  essence  resumes 
the  superficial  column  velocity  it  had  prior  to  entering  the  plate  perfora¬ 
tions.  The  initial  liquid  filaments  are,  however,  unstable  under  the 
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influence  of  this  turbulent  motion  and  they  in  turn  disintegrate 
further  into  globules  of  progressively  smaller  sizes.  Inasmuch 
as  these  seem  to  depend  upon  many  not  readily  controllable 
conditions,  it  is  at  present  practically  impossible  to  predict 
theoretically  the  final  size  distribution  of  this  or  any  other 
dispersion  coming  about  by  way  of  a  "chaotic"  disintegration 
process.  Based  upon  available  theory  one  may,  however,  draw 
some  conclusions  as  to  the  factors  governing  formation  of  the 
maximum  stable  droplets. 

Mlesse  (Ref.  4)  and  later  Fraser  (Ref.  5)  have  dealt  with 
the  disintegration  of  and  the  droplet  formation  from  niuving  liquid 
sheets.  It  has  been  shown  that  small  perturbances  on  the  surface 
created  by  the  action  of  aerodynamic  forces  will  tend  to  grow  and 
set  up  oscillations  of  the  sheet.  Under  conditions  where  the 
aerodynamic  forces  exceed  the  interfacial  tension  forces,  unstable 
waves,  either  sinous  or  dllational,  are  set  up  and  propagate  at 
the  same  velocity  as  the  sheet  and  with  exponentially  increasing 
amplitude.  The  result  is  a  disintegration  of  the  sheet  into  small 
droplets . 

In  his  study  of  the  disintegration  of  liquid  jets,  Mlesse 
(Ref.  4)  made  the  observation  that  liquid  nitrogen  data  did  not  at 
all  agree  with  that  of  higher  surface  tension  fluids,  notably  water. 
He  concluded  that  here  the  final  size  distribution  of  the  liquid 
phase  was  determined  primarily  by  factors  governing  secondary 
atomization  processes,  that  is,  the  further  and  more  chaotic 
disintegration  of  particles  originally  formed  from  the  jet.  In  this 
instance,  the  original  stream  could  not  sustain  Itself  at  all  but 
broke  up  into  droplets  almost  immediately  upon  leaving  the  nozzle. 

The  secondary  disintegration  of  these  liquid  globules  is, 
of  course,  once  again  governed  by  the  interaction  of  aerodynamic 
forces  tending  todeform  them  and  of  surface  forces  acting  so  as  to 
hold  them  together.  Those  tending  to  deform  a  particle  have  a 
tangential  component  caused  by  viscous  effects  and  a  normal 
component  caused  by  the  velocity  pressures  of  the  ambient  fluid 
stream.  Based  upon  potential  flow  theory  and  neglecting  viscous 
forces,  Hlnze  (Ref.  6)  devised  a  stability  criterion  for  spherical 
particles  exposed  to  a  gas  stream  which  takes  into  account  the 
pressure  profile  across  their  surface.  He  found  that  splitting  of 
a  particle  occurs  if  the  Weber  number,  often  defined  as 
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exceeds  a  certain  critical  value.  He  proceeded  to  show  in  a  later  paper 
(Ref.  7)  that  the  value  of  this  critical  Weber  number  is  greatly  dependent 
upon  both  the  prevailing  flow  conditions  as  well  as  at  times  the  viscosities 
of  the  fluid  phases.  Three  cases  were  treated: 

a.  Deformation  in  viscous  flow. 

b.  Breakup  in  an  air  stream. 

c.  Emulsification  in  turbulent  flow. 


Of  these,  categories  b.  and  c.  might  well  apply  to  the  present  situation. 

In  the  latter  case,  dispersion  is  thought  to  occur  on  account  of  the  velocity 
fluctuations  taking  place  in  a  turbulent  flow  field,  the  pattern  of  which  is, 
for  the  special  case  of  isotropic  turbulence,  solely  determined  by  the  energy 
dissipation  per  unit  time  and  mass. 

Let  us  assume  for  the  moment  that  we  are,  in  the  case  of  a  rotary 
distillation  tray,  dealing  with  a  dispersion  mechanism  similar  to  that 
governing  liquid  injection  into  a  vapor  stream  (category  b.).  Hinze  has 
shown  that  for  a  globule  in  its  final  stages  of  disintegration  the  critical 
Weber  number  may  then  be  expressed  by  the  relation: 


(W^)  ^  =  C  [  1  +  (j)  (N^j)  1 


(6) 


where  cj)  (Nvi)  represents  a  function  of  a  dimensionless  viscosity  group 


(N..,  = 


Vi  V  p  tr  D 
L  p 


■)  and  it  approaches  zero  as  Nvi  0. 


In  this  form,  C  is  the  value  of  the  critical  Weber  number  for  a  vanishiny 
viscosity  effect.  The  latter  condition  can  be  shown  to  exist  in  both  the 
UCON  fluid  and  the  liquid  air  systems  where  now  the  critical  Weber 
number  may,  accordiny  to  Hinze,  be  taken  as  equal  to  ^  13.  Lane  (Ref.  8) 
also  confirmed  the  direct  dependence  of  the  maximum  stable  droplet  size 
upon  surface  tension  by  means  of  variations  in  this  parameter  between 
28  and  475  dynes/cm.  (.00016  and  .0027  lbs,f/in.) 

Assuming  now  a  typical  tray  operation  at.  Vs  =  10  ft. /sec., 

P.^  =  2.2  lb. /ft. 3  and  a  =  8  dynes/cm,  one  may  estimate  that  the 
maximum  stable  droplet  size  lies  at  around  300  microns.  Based  upon  drag 
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coefficients  measured  by  Ingebo  (Ref.  9)  in  turbulent  gas  streams, 
it  has  been  determined  that  at  260  Ng's,  particles  of  around  26 
microns  or  greater  should  not  be  entrained  by  vapor  flowing  at  the 
superficial  column  velocity.  As  a  result  of  these  conjectures  one 
might,  therefore,  speculate  that  at  this  particular  operating  condi¬ 
tion  the  particle  size  spectrum  might  be  between  26  and  300  microns. 
These  figures  are.  Incidentally,  consistent  with  pressure  drop  and 
total  available  energy  considerations.  Assuming  the  "froth"  to 
consist  of  uniform  spherical  droplets  and  that  the  entire  hydrostatic 
head  loss  is  reflected  in  the  creation  of  surface,  it  may  be  shown 
that  the  minimum  diameter  is  given  by  the  relation: 


D 


min 


6Ql  n 
vA  Pg 

c 


(7) 


For  the  operation  in  question  this  yields  a  value  of  ^  .20  microns; 
well  below  the  estimated  size  range.  For  a  pressure  atomizer, 
Consiglio  and  Sliepcevich  (Ref.  10)  found  that  the  conversion  of 
compression  eneryy  to  surface  energy  appears  to  be  constant  at 
approximately  .1%.  This,  of  course,  leads  to  an  average  particle 
size  of  200u  for  the  condition  described  here,  a  value  that  is  close 
to  the  average  one  might  expect. 


As  a  result  of  these  considerations  one  would  estimate  that 
for  the  air -water  system  the  droplet  spectrum  was,  for  reasons  of 
the  higher  surface  tension,  generally  shifted  toward  larger  sizes. 

The  effect  should  then  be  reflected  in  somewhat  different  tray 
operating  characteristics  as  was  Indeed  found  to  be  the  case. 

Attempts  to  resolve  this  entire  question  further  by  way  of 
high  speed  photographic  observations  (flash  duration  1/ 2 
microsecond)  have  not  been  successful  so  far,  mostly  because  of 
poor  optical  conditions.  It  should  also  be  pointed  out  that  whatever 
mechanism  may  prevail  at  higher  gravitational  fields  and  throughputs 
will  most  likely  not  be  the  same  at  lower  Ng,  say  around  25  or  50. 


3. 4. 2. 3  Vapor  Capacity 

In  general,  the  vapor  capacity  of  a  given  tray  will  be 
governed  by  the  entrainment  of  liquid  droplets  in  the  gas  stream. 

Under  normal  tray  operation  the  droplet  phase  exhibits  a  clearly 
visible  interface  or  froth  height  relative  to  the  vapor  space  above, 
much  in  the  same  manner  as  does  a  solid -gas  fluidized  bed.  At 
this  condition,  entrainment  occurs  by  way  of  two  possible  mechanisms 
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controlled  either  by  vapor  drag  or  simply  by  the  droplet  ballistics.  In 
the  latter  casej  droplets  are  visualized  as  being  torn  away  from  the  bulk 
fluid  and  hurled  up  into  the  disengagement  space  between  trays  at  an 


initial  velocity  V 
H 


.  They  would  then  reach  a  height  given  by: 
2  Ng  g 


(8) 


If  it  is  further  assumed  that  at  high  vapor  velocities,  Vd  is 
proportional  to  Vs,  then,  for  a  given  disengagement  space  H,  the 
allowable  gas  throughput  would  tend  to  increase  with  the  square  root 
of  the  gravitational  field. 


In  terms  of  the  alternate  entrainment  mechanism,  the  particles 
at  the  surface  of  the  froth  are  thought  to  be  swept  along  by  vapor  as 
soon  as  the  drag  exerted  upon  them  exceeds  the  gravitational  forces 
tending  to  keep  them  on  the  tray.  In  terms  of  a  single  droplet  of  mean 


diameter  Dp  suspended  in  an  infinite  gas  medium,  this  model  yields 
an  equation  for  the  maximum  allowable  vapor  velocity  of  the  form: 


Here  again,  allowable  vapor  velocity  increases  withsTNg  .  From  the 
previous  discussion  concernlny  the  dispersion  mechanism  it  is 
apparent  that  a  value  of  Dp  cannot  be  computed  with  reasonable 
certainty.  One  may,  nevertheless,  conclude  that  of  the  pertinent 
physical  properties  the  surface  tension  could  play  the  most  important 
role  in  determining  the  mean  particle  diameter.  The  drag  coefficient, 
Cd>  is  similarly  a  rather  difficult  quantity  to  ascertain  for  a  multi¬ 
particulate  system  in  turbulent  gas  flow.  Based  upon  data  presented 
by  Dryden  (Ref.  11)  and  by  Torobin  (Ref.  12),  fluid  turbulence  may, 
for  instance,  have  a  significant  effect  upon  its  value.  Their  results 
have  shown  thai  on  account  of  high  turbulence  intensities,  Cd  may 
be  reduced  appreciably  below  what  it  is  for  single  spheres  in  a  laminar 
gas  stream;  at  times  even  lower  than  the  value  of  .4  commonly  accepted 
in  the  Newtonian  range. 


Experimentally,  the  maximum  permissible  vapor  velocity  was 
established  as  that  condition  where  the  column  is  essentially  Incapable 
of  sustaining  counter-current  flow  of  the  phases  and  where  the  liquid 
phase  is  at  the  verge  of  total  entrainment.  At  a  given  vapor  velocity, 
density  and  a  minute  liquid  flow  rate,  this  point  was  found  by  lowering 
the  tester  speed  until  the  liquid  Just  hovered  on  the  tray.  Any  further 
reduction  then  resulted  in  total  entrainment  or  complete  flooding  of  the 


column  . 
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In  this  limit,  the  entrainment  is  normally  drag  controlled  and 
should  correlate  accordingly.  Figure  16  represents  the  data  obtained 
during  runs  conducted  with  trays  from  14  to  34%  free  area  where  the 
latter  effect  was  apparently  of  little  or  no  significance.  The  drag 
mechanism  seems  to  be  confirmed  by  this  correlation  Although  the 
question  of  partible  diameter  and  Cq  are  sidestepped  for  the  moment. 
The  maximum  allowable  vapor  velocity  may  then  be  obtained  as: 


V  =  0.14 

®max. 


Ng  (  ~  Py) 


(10) 


Although  this  type  of  data  was  not  taken  directly  during  air- 
water  experiments,  a  similar  flooding  criterion  could  be  derived  from 
the  available  information  as  shown  in  Figure  17.  Actual  operating 
points  that  were  closest  to  flooding  are  plotted  here  for  the  UCON  as 
well  as  the  air-water  systems.  The  differences  in  performance  are 
indeed  quite  startling,  pointing  toward  substantially  higher  throughput 
capabilities  with  the  latter  system. 


The  exact  reasons  for  this  difference  are  difficult  to  ascertain. 
Based  upon  earlier  discussions  of  the  dispersion  mechanism  one  can, 
of  oourse,  speculate  that  the  dlscrepency  results  from  a  variation  in 
the  size  distribution  of  the  liquid  particles  on  the  tray  as  brought  on 
mainly  by  differences  in  physical  properties.  Of  these,  the  surface 
tension  might  play  a  most  significant  role.  If  the  entire  shift  in 
operation  were  attributed  to  surface  tension  differences,  then  the 
maximum  allowable  vapor  velocity  would  tend  to  depend  upon  this 
parameter  as: 


For  purposes  of  predicting  the  performance  of  a  liquid  air 
separator  it  is,  nevertheless,  recommended  that  the  UCON  fluid  data 
be  used  directly  and  without  a  surface  tension  correction.  It 
essentially  covers  a  range  In  the  latter  parameter  nearly  identical  to 
that  expected  in  cryogenic  service.  (See  Table  1) 


At  column  accelerations  substantially  higher  than  those  result¬ 
ing  in  flooding  as  defined  by  equation  10,  there  appears  to  be 
negligible  entrainment;  negligible  from  the  point  of  view  that  it  seems 
of  no  detriment  to  the  tray  efficiency.  This  was  found  to  be  the  case  at 
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disengagement  spaces  as  low  as  1/4  inch.  One  reason  may  be  the  fact 
that  the  majority  of  liquid  droplets  are  much  too  large  to  be  entrained 
on  account  of  vapor  drag  and  that  they  are  not  hurled  to  any  appreciable 
height  balllstlcally.  Examination  of  over  a  hundred  tray  photographs 
has  led  to  the  conclusion  that  existing  perturbances  at  the  froth  inter¬ 
face  arej  nevertheless,  most  likely  due  to  some  minor  ballistic 
entrainment.  This  data  has  been  found  to  correlate  roughly  according 
to  the  latter  model  which  is  also  recommended  for  purposes  of  establish 
Ing  the  required  disengagement  space . 

V  2 

Thus,  H=.05  —7 —  (11) 

Ng 

3. 4. 2. 4  Liquid  Capacity  and  Froth  Heights 
3 . 4 . 2 . 4 . 1  The  Crest  Equation 

The  vapor  rate  alone  Is,  however,  not  the  sole  capacity 
criterion  of  a  rotary  distillation  column.  At  the  high  loadings  to  be 
expected  in  an  air-borne  air  separation  plant,  the  ability  of  a  tray  to 
handle  large  liquid  quantities  is  equally  important.  Thus,  liquid  has 
to  flow  through  downcomer  tubes,  across  an  inlet  weir,  over  the  tray 
segment  and  back  into  the  downcomer  of  the  next  tray  as  shown  in 
Figure  18 


Tray  Liquid  Flow 

FI<2i.  \& 
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The  crest  height  equals  the  height  of  the  tray  foam  measured 
from  the  top  of  the  outlet  weir  while  the  froth  height  equals  the  height 
of  the  tray  foam  measured  from  the  perforated  tray.  If  there  is  no 
outlet  weir  as  in  the  case  of  the  finally  chosen  downcomer  tray,  the 
crest  height  equals  the  froth  height  so  the  terms  can  be  used  inter¬ 
changeably. 


Of  the  resistances  offered  to  this  transport  of  liquid,  those 
attributed  to  the  flow  of  aerated  fluid  generally  control  in  a  high 
gravitational  field.  The  foam  or  crest  height  established  at  the  outlet 
of  the  tray  is,  in  turn,  the  prime  factor  determining  the  required  tray 
spacing.  As  of  this  date  no  theoretical  treatment  is  available  which 
describes  the  complex  fluid  dynamics  of  two-phase  open  channel  and 
weir  flow  as  it  exists  on  a  distillation  tray.  Based  upon  extensions 
of  single  phase  theory,  a  number  of  semiempirlcal  approaches  are 
commonly  employed  which  are,  nevertheless,  still  not  directly 
applicable  to  the  present  situation.  Consequently,  a  digital  computer 
and  linear  regression  techniques  were  employed  in  establishing  a 
workable  correlation.  The  froth  height  was  thought  to  be  governed  by 
the  following  independent  variables: 


h,  -  <t>  [V3, 


Ng, 


-  P 


f  1 


>  u  > 

T  -  "  b 

L  V 

where  their  sequence  as  shown  here  corresponds  roughly  to  the  order 
of  their  significance.  Figure  19  shows  the  effect  of  the  gravitational 
field  upon  the  froth  height  at  various  operating  conditions;  the 
overall  effect  being  a  decrease  in  hf  with  increasing  values  of  Ng. 
Figure  20  points  to  the  relatively  minor  influence  of  liquid  rate  upon 
the  froth  height.  There  is  no  complete  explanation  available  as  to 
why  the  liquid  velocity  is  less  significant  in  foam  flow  than  it  is  in 
single  phase  liquid  flow  where,  for  instance,  Jhe  Francis  weir 
equation  predicts  a  dependence  of  h^  upon  to  the  2/3  power. 

Close  examination  of  Figure  20  does  however  point  to  an  interesting 
yet  unconfirmed  finding  as  to  the  possible  influence  of  perforation 
velocity  upon  the  liquid  rate .  In  these  as  well  as  in  a  number  of 
similar  but  constant  free  area  runs,  there  appears  to  be  a  slight 
Increase  in  the  power  of  ^  at  lower  perforation  velocities;  the 
value  of  2/3  being  approached  as  a  limit.  This  effect  could, 
however,  not  be  substantiated  completely  on  account  of  the  basic 
Inaccuracies  that  are  involved  in  measurements  of  froth  height. 
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Figure  21  summarizes  the  final  correlation  as  established  for 
downcomer  trays  from  14  to  26%  free  area  and  at  perforation  velocities 
up  to  120  ft. /sec . 


h^  (Inches)  = 


Ql  1.6  1/2 


(Ng) 


.85 


f 


.13 


(12) 


The  above  equation  represents  all  the  data  to  within  a 
standard  deviation  of  .22  Inches  and  95%  of  the  points  to  within  .174 
inches.  In  comparison  to  this,  an  analysis  of  the  available  tray  photo¬ 
graphs  and  their  consequent  comparison  to  visually  determined  foam 
heights  yielded  a  standard  difference  of  about  .18  inches. 

Once  more  re-evaluation  of  the  air-water  data  seemed  to  be  in 
order.  The  results  are  shown  in  Figure  22  and  are  also  based  upon  an 
analysis  made  by  linear  regression.  Again  the  data  Is  seen  to  correlate 
well  according  to  the  overall  functional  relationships  established  In  UCON 
fluid  service,  yet  there  is  a  similar  displacement  toward  higher  throughputs 
as  was  the  case  with  flooding  data.  For  a  liquid  air  design  it  Is,  neverthe¬ 
less,  recommended  that  use  be  made  only  of  the  UCON  fluid  correlation  and 
that  ho  further  physical  property  adjustment  be  made  at  this  time. 

3. 4. 2. 4. 2  Miscellaneous  Losses 

In  flowing  from  one  stage  to  the  next,  the  liquid  stream  encounters 
a  number  of  additional  resistances  other  than  that  represented  by  the  foam 
crest  at  the  tray  exit.  These  so  called  liquid  phase  head  losses  are,  for 
Instance,  due  to  downcomer  tube  friction,  flow  reversal  at  the  Inlet  receiv¬ 
ing  cup.  Introduction  of  liquid  into  the  froth  layer  and  then  also  the  flow 
resistance  offered  by  the  tray  channel  itself.  In  combination  with  the 
equivalent  gas  phase  head  loss  between  two  stages  they  are  characterized 
by  the  level  at  which  liquid  will  stand  In  the  downcomer  tubes.  It  Is 
evident  that  the  tray  spacing,  in  turn,  must  be  greater  than  this  sum  total 
of  these  losses  so  as  to  prevent  flooding  of  the  column  by  liquid  accumula¬ 
ting  In  the  downcomer. 

In  computing  the  magnitude  of  these  various  flow  resistances, 
conventional  column  technology  must  be  extended.  One  of  the  more  difficult 
quantities  to  ascertain,  however,  involves  the  hydraulic  gradient  to  be 
expected  on  longer  tray  elements.  The  data  obtained  so  fai-  has  unfortunately 
not  been  able  to  shed  much  light  upon  the  subject  since  neither  the  seg¬ 
mental  nor  the  circumferential  tray  tests  closely  simulated  the  anticipated 
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low  temperature  conditions .  Based  upon  available  column  technology 
It  has  been  estimated  that  for  tray  lengths  of  less  than  two  feet, 
hydraulic  gradients  are  negligible.  Considering,  on  the  other  hand, 
the  present  lack  of  substantiating  data,  it  is  recommended  that  the 
lengths  be  maintained  below  one  foot.  As  a  general  rule  one  might 
propose,  furthermore,  that  the  individual  trays  be  designed  so  as  to 
not  make  their  spacing  limited  by  the  liquid  phase  losses  described 
here . 

3. 4. 2. 5  Vapor  Phase  Pressure  Drop 
3 . 4 . 2 . 5 . 1  Theoretical  Considerations 

In  passing  through  a  contacting  stage  vapor  undergoes 
two  major  types  of  pressure  drop,  static  and  frictional.  The  static 
pressure  drop  is  due  to  the  "weight"  of  the  vapor  itself  and,  though 
large  enough  in  centrifugal  columns  to  be  of  prime  importance  to  a 
designer,  will  not  concern  us  here.  The  so-called  frictional 
pressure  drop  (which  includes  liquid  body  forces  and  changes  in 
vapor  momentum)  is  derived  from  experimental  data  and  hence  will 
now  be  discussed. 


Vapor  in  passing  through  a  contacting  stage  will  undergo 
a  two-fold  frictional  pressure  drop,  that  on  account  of  the  tray 
perforations,  and  that  due  to  the  presence  of  the  liquid  dispersion 
above  the  tray.  This  vapor  phase  head  loss  plays  a  critical  role 
in  establishing  the  power  requirement  of  an  air  separation  cycle 
and  was,  therefore,  measured  directly  by  means  of  a  transducer 
located  within  the  rotor,  (The  experimental  aP  values  do  not  include 
the  static  head  of  vapor  across  a  radial  increment  between  the 
trays .  ) 


The  tray  as  shown  in  Figure  23  is  examined  in  conjunction 
with  an  overall  force  balance  around  a  given  control  volume 
bounded  radially  by  the  inward  surface  of  the  tray  and  the  top  of 
the  froth. 
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TRAY  PRB&auRB  D»OP 


Neglecting  time  dependent  changes  of  momentum  within  the 
control  volume,  the  following  summation  of  body,  surface  and  momentum 
forces  applied! 

2  F,  +  S  F  +  £  P  =0  (13) 

b  s  m 

Assuming  the  momentum  transport  across  the  lateral  boundaries  as 
algebraically  zero,  the  above  forces  may  then  be  defined  further  as: 

2  Fj^  =  h^  Ng  [  ap  (1-a)  p^]  (14) 

where  a  represents  the  volumetric  liquid  fraction  of  the  froth  on  the  tray. 
The  surface  force  at  the  tray  Is  equal  to  P,  whereas  that  near  the  upper 
boundary  Is  P  -  A  Pj^.  Thus, 

The  momentum  of  the  gas  entering  the  control  voUime  is: 
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while,  under  the  assumption  of  a  uniform  velocity  profile,  that 
leaving  is:  . 

p  V  ^ 

_Lv  s 


As  a  result: 


m 


P  V 
V  s 


(J-1) 


(16) 


follows: 


Similarly,  the  observed  pressure  drop  may  be  written  as 


AP  =  A  +  A  P. 
o  D  h 


P  h.  Ng 
V  f  ^ 


(17) 


Here,  APq  is  the  pressure  drop  suffered  by  vapor  in 
passing  through  the  plate  perforations.  It  is  defined  as, 

1  P  .. 

(18) 


=  C  2 


2g. 


V  2 


Substitution  of  these  equations  into  equation  (17)  yields 
the  following  equation  for  the  frictional  pressure  drop  through  a 
given  contacting  stage: 


V  c 

(19) 


To  be  exact,  the  value  of  Ng  should  be  the  gravitational 
field  actually  experienced  by  the  dispersion  within  the  control 
volume  and  as  such  must  Include  the  effect  of  liquid  flow  direction. 
For  a  contra -rotational  liquid  passage,  it  was  shown  earlier  that: 

Q. 


Ng  «  Ng 


2  u) 
^c^f 


\  a  h  / 


(20) 


Substitution  oi  this  expression  into  equation  (19)  finally  yields: 


1  0  V  2 

^o  "  ^  0  -  f)  +  2C  2  f2  1  ^ 


2C  ^ 

V 


+  (“-■SrlhfNg  P^.O) 


(21) 
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where  6  is  now  defined  as; 


2  CO 


) 


There  are  two  unknown  quantities  in  the  above  equation,  namely  Cv 
and  a .  The  latter  could  only  be  derived  from  experimental  pressure  drop 
measurements  and  a  known  value  of  Cv.  Thus,  by  rearrangement  of  equation 
(21)  the  same  can  be  used  to  define  the  volumetric  froth  density  as  follows; 


p  V  , 


1 


a  - 


2C  ^  f^ 

V 


Ng  h^ 


2  CO 

Ng  g^  h^ 


(22) 


From  these  relations,  it  would  also  appear  that  under  conditions 
where  the  upward  momentum  force  equals  the  body  forces  or  the  hydro¬ 
static  head,  the  froth  should  once  again  just  hover  on  the  tray  or  lie 
at  "the  verge  of  fluidization.  Such  a  situation  might  then  constitute 
another  performance  limit  not  to  be  exceeded.  It  has  been  found,  however, 
that  in  practice  trays  will  still  operate  at  conditions  where  ' 

but  that  such  operation  is  most  undesirable.  Extreme  jetting 
and  slugging  of  liquid  will  generally  occur,  resulting  in  considerable 
ballistic  entrainment  and  reduced  mass  transfer  efficiencies.  It  may 
be  shown  that,  fortunately,  such  a  situation  seldom,  if  ever,  arises  at 
high  gravities  and  that  normally  skin  and  form  drag  represent  the  true 
operating  limit. 

3. 4. 3. 5. 2  Discharge  Coefficients  of  Perforated  Plates 

The  determination  of  a  by  way  of  Equation  (22)  requires  rather 
accurate  knowledge  of  the  orifice  coefficient  Cv.  Inasmuch  as  there 
exist  Widely  differing  values  for  this  quantity,  it  was  decided  that 
some  measurements  be  made  in  conjunction  with  the  flat  plate  experi¬ 
ments  and  directly  within  the  rotary  test  chamber.  This  then  allowed 
the  use  of  UCON  114  as  the  gas  phase  In  addition  to  providing  a  means 
of  testing  the  reliability  of  the  transducer  system  through  measurements 
conducted  at  various  rotational  speeds. 

Orifice  coefficients  were  determined  with  four  different  tray 
specimens  according  to  Equation  (18).  Compressibility  effects  may 
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be  shown  as  negligible  under  present  circumstances .  The  value  of 
Gv  was  not  only  found  to  be  closer  to  unity  than  first  expected  but  was 
evidently  not  a  function  of  the  perforation  Reynolds  number.  Instead, 
there  seemed  to  be  a  stronger  dependence  upon  the  plate  character¬ 
istics.  A  brief  search  of  the  literature  led  to  the  work  of  Kolodzie  &vanWin- 
kle  (Ref.  13) who  conducted  an  extensive  investigation  of  this  particular 
subject  using  a  multitude  of  different  plate  configurations.  In  general, 
the  coefficient  of  discharge  was  found  to  be  a  function  of  the  following 
dimensionless  groupings: 


D  V  p 

O  0  ^  V, 


), 


Figure  24  is  a  sample  reproduction  of  their  results  showing 
the  influence  of  Reynolds  number  at  various  plate  thickness  to  orifice 
diameter  ratios.  The  present  data,  all  at  (Re)  values  greater  than 
20,000,  is  in  essential  agreement  with  these  °  findings.  Figure  25 
represents  a  summary  correlation  as  reported  by  Kolodzie  and  as  now 
recommended  for  the  design  of  rotary  sieve  plate  columns.  In  passing, 
it  should  also  be  mentioned  that  a  marked  reduction  in  coefficient  was 
reported  by  these  authors  when  the  active  tray  area  fell  below  50%. 
Fortunately,  such  conditions  seldom,  if  ever,  exist  in  actual  dis¬ 
tillation  practice. 

Table  4  summarizes  the  pertinent  tray  dimensions  as  chosen 
for  this  development  program,  showing  the  computed  and  experimental 
discharge  coefficients. 

Table  4 

Orifice  Coefficients  of  Sieve  Trays 


Free  Area 

P° 

D 

o 

(computed) 

(exper . ) 

14 

.423 

1.14 

.880 

20 

.500 

.576 

.820 

— 

22 

.482 

.951 

.885 

.912 

22.1 

.506 

.621 

.840 

.833 

26 

.500 

1.05 

.895 

— 

28.7 

.563 

.917 

.900 

.945 

34 

.500 

.727 

.861 

.800 

45 

.576 

.842 
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3 , 4 , 2 . 5 . 3  Volumetric  Foam  Density  Data 


With  the  aid  of  equation  (22)  and  computed  perforation  discharge 
coefficients,  values  of  a  were  computed  for  244  data  points.  Closer 
scrutiny  of  this  as  well  as  the  basic  pressure  drop  data  now  revealed 
an  anomaly  which  could  not  be  accounted  for  by  the  model  as  outlined 
here.  It  is  evident  from  equation  (21)  that  the  total  frictional  pressure 
drop  across  a  tray  should,  at  constant  a,  be  almost  Independent  of 
liquid  rate  or,  at  best,  just  decrease  slightly  with  Increasing  values  of 
^  .  Furthermore,  a  plot  of  A  P  versus  froth  height  should  be  linear, 
A'ltersecting  the  ordinate  at: 


[  (!• 


2  C  2  f  2 
V 


] 


P  V 
V  s 


A  representative  sampling  of  the  data  is  shown  in  Figure  26  from  which 
it  is  evident  that  above  velocities  of  9  ft. /sec. there  appears  a  change 
in  the  basic  pressure  drop  behavior  as  reflected  by  a  nonlinearity  at 
lower  froth  heights .  It  must  be  assumed  that  this  is  the  result  of  inter¬ 
actions  between  vapor  and  liquid  which  are  not  accounted  for  in  the 
present  treatment  and  which  might  be  due  to  either  high  speed  transient 
coridltlons  on  the  tray  or  a  net  transfer  of  momentum  across  the  lateral 
boundaries  of  the  control  volume. 


According  to  the  analysis  presented  here,  such  behavior 
manifests  itself  as  an  increase  in  the  volumetric  foam  density  with 
increasing  liquid  velocity  and  may,  in  a  gross  sense,  be  taken  into 
account  by  the  a  correlation.  A  similar  approach  was  taken  with  respect 
to  the  influence  of  free  area;  the  value  of  a  having  been  found  to 
increase  at  lower  free  areas.  Inasmuch  as  the  latter  trend  is  generally 
associated  with  higher  perforation  velocities,  it  might  be  reasonable  to 
assume  that  there  is  some  connection  between  this  effect  and  that  due  to 
liquid  velocity. 

Since  it  was  not  possible  to  pursue  questions  of  the  momentum 
transfer  mechanism  further  within  the  framework  of  this  program,  it  was 
decided  that  an  empirical  correlation  of  the  volumetric  foam  density  data 
might  once  again  be  most  suitable  .  As  was  the  case  earlier  with  respect 
to  the  foam  height  correlation,  use  was  made  of  a  computer  in  analyzing 
the  data  by  linear  regression.  The  following  functional  dependence  of 
a  was  assumed  to  hold: 
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1  -  g 
g 


^  [  V  .  Ng,^ 


f  1 


where  in  this  instance  Ng  is  the  gravitational  field  corrected  for  the 
effect  of  liquid  flow  direction,  Equation  (?.0) . 


The  final  correlation  is  shown  in  Figure  27 .  The  general 
scatter  reflects,  at  least  in  part,  the  difficulties  associated  with 
measurements  of  this  type,  wherein  the  foam  density  is  computed  from 
overall  tray  pressure  drop  data.  In  equation  form,  the  correlation  reads: 


8.1 


(23) 


The  above  correlation  described  all  pressure  drop  measurements 
to  within  a  standard  deviation  of  about  25%,  and  85%  of  the  data  to 
within  15%,  The  greatest  scatter,  in  turn,  occurred  at  high  velocities 
and  at  correspondingly  high  accelerations.  Note  should  also  be  made 
of  the  fact  that  the  analysis  presented  here  assumes  no  weeping  on 
the  tray.  There  were  undoubtedly  a  number  of  runs  where  this  was 
not  the  case  and  where  as  a  result  the  effective  dry  plate  pressure 
drop  was  higher  than  has  been  calculated.  This  would  then  lead  to 
computed  g  values  somewhat  greater  than  actual. 


Attempts  to  derive  a  suitable  correlation  which  would  at  the 
same  time  be  dimensionally  consistent  met  with  little  success.  From 
dimensional  analysis,  one  would  expect  the  froth  density  to  be  a 
function  of  Inertial,  viscous,  gravitational  and  possibly  surface  forces. 
A  crude  comparison  of  air-water  to  UCON  fluid  data  leads,  once  more, 
to  the  conclusion  that  most  likely  surface  forces  do  play  a  significant 
role  in  establishing  the  value  of  g.  This  is  shown  in  Figure  28  where, 
for  purposes  of  comparison,  the  UCON  fluid  data  was  correlated 
according  to  the  one-third  power  of  Ng  andP  v  From  this  plot,  it 
would  appear  that  the  froth  density  is,  more  than  any  other  parameter. 
Influenced  by  the  properties  of  the  fluid  phases.  The  existing  data 
does  not  warrant  a  more  detailed  analysis  at  this  time.  In  addition, 
it  should  be  remembered  that  the  a  values  as  computed  with  air  and 
water  were  obtained  from  overall  pressure  drop  measurements  across 
the  tester  and  under  the  assumption  that  they  are  Independent  of 
liquid  rate. 
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3 . 4 . 2 . 6  Stability  and  Weeping 

A  rotating  sieve  tray  will,  like  Its  counter  part  at  normal 
gravity,  generally  exhibit  some  weeping  over  a  considerable  range 
In  operation.  This  causes  concern,  however,  only  where  the  tray 
efficiency  begins  to  deteriorate  noticeably.  Lacking  actual  rate 
data,  one  must,  therefore,  establish  a  further  operating  criterion 
describing  in  a  sense  the  upper  limit  to  which  a  given  tray  can  be 
accelerated  without  causing  serious  weepage.  By  Its  very  definition 
such  a  limit  is,  once  again,  somewhat  arbitrary  especially  since  it 
Is  based  upon  difficult  and  uncertain  visual  observations. 

A  distinction  should  normally  be  made  between  weeping  on 
a  stable  tray  and  that  caused  by  Instabilities  as  shown  In  Figure  29. 

TRA.V  W£E.Pl^OCr^ 
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From  conventional  column  technology  it  may  b©  shown  that  for 
region  l  a  stability  criteria  should,  in  its  simplest  form,  reduce  to  a 
critical  ratio  of  hydrostatic  head  to  dry  plate  pressure  drop. 


^  C. 


The  value  of  C  might,  furthermore. 


lie  in  the  vicinity  of  0.50.  Experimentally  it  was,  however,  quite 
difficult  to  distinguish  between  weeping  which  occurred  on  account 
of  this  inactivity  at  the  tray  Inlet  and  that  which  may  normally  take 
place  even  in  totally  active  regions.  This  latter  weeping  can  be 
ascribed  to  momentary  pressure  fluctuations  at  various  points  on  the 
tray,  fluctuations  resulting  in  more  or  less  random  seepage  of  liquid 
through  the  perforations  where,  at  the  moment,  the  hydrostatic  head 
exceeds  an  allowable  maximum  value.  For  a  given  fluid  system  and 
approximately  constant  perforation  diameters  it  is  postulated  that  a 
point  of  serious  weeping  or  dumping  can  be  defined  in  terms  of  a  simple 
ratio  of  dry  plate  to  hydrostatic  head  loss. 

Data  which  according  to  visual  and  photographic  observations 
presented  either  moderate  or  serious  weeping  has  been  plotted 
Figure  30.  It  is  seen  that  evidently  no  weeping  occurred  above 
values  of  0.5  and  that  ^r^^ances  of  serious  weeping  were  generally 
confined  to  values  of  “Rj"  less  than  0.3.  It  should  be  mentioned 
that  these  latter  points  are  of  considerable  uncertainty  since  neither 
the  dry  plate  nor  the.  hydrostatic  head  can  be  defined  In  this  case  and 
extrapolation  of  the  data  is  necessary. 

AhD 

All  of  the  series  M-E  efficiency  runs  fell  into  a  range 
between  0.30  and  0.50,  yet  In  spite  of  a  moderate  amount  of  weeping  no 
serious  reduction  in  mass  transfer  occurred.  As  a  result.  It  Is 
recommended  that  In  the  Interest  of  reduced  pressure  drops  the 
following  criterion  be  used  as  a  lower  limit  of  operation: 


—  =  0.3 


3.4.3  Segmental  Tray  Data-lvlass  Tranafei 

3. 4. 3.1  General  Considerations  Involving  the  Point  Efficiency 


In  the  case  of  the  most  distillation  systems,  the  resistance 
to  mass  transfer  lies  in  both  the  liquid  and  gas  phase.  Under  the 
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assumption  of  a  linear  equilibrium  line  in  addition  to  uniform  liquid 
composition  on  the  tray,  an  expression  for  the  local  point  efficiency 
may  be  derived  from  two  film  theory.  This  efficiency,  defining  the 
degree  to  which  vapor  leaving  a  tray  has  reached  equilibrium  with  the 
bulk  liquid  on  the  tray,  is  then  written  in  terms  of  two  series 
conductance  terms  for  the  gas  and  liquid  phase  as  follows: 


-Ln  (1  -  E)  =  NTU  = 


1 


(25) 


(NTU) 


(NTU), 


The  quantities  (NTU)g  and  (NTU)l  are,  in  turn,  related  to 
transfer  coefficients  in  the  respective  phases: 

(NTO)l  -C-^)C^X'0  126) 


(NTU)g  - 

Therefore: 


(27) 


'  Rg',  Rl'  ®  gas  and  liquid  phase  mass  transfer  coefficients 
respectively.  The  term  e  stems  directly  from  the  material  balance 
equations  which  have  to  hold,  and  as  such  are  defined  by  the  equation: 


M, 


K 


e,  = 


M  p  , 
g  L 


Here: 


Liquid  and  vapor  phase  density 

Liquid  and  vapor  phase  molecular  weight 

Slope  of  the  vapor-liquid  equilibrium  line 


Equations  (2Q  and  (2^  are  seen  to  contain  a  common  factor  (A/-v)  t' 
which  is  primarily  Influenced  by  fluid  dynamic  system  parameters . 
Thus,  A/ -v' represent  the  interfacial  area  that  is  created  per  unit 
volume  of  vapor  in  the  froth  whereas  t'  defines  the  contact  time  of 
the  phases. 

The  respective  mass  transfer  coefficients  kL"  and  kgi  are,  on 
the  other  hand,  like  their  counterparts  in  heat  transfer,  strongly 
Influenced  by  both  the  fluid  dynamic  characteristics  and  the  molecular 

63  ASRP-2391 


66 


CONFIDENTIAL 


ASD-TDR-63-665,  Part  I 


transport  properties .  Various  models  have  been  devised  to  formulate 
expressions  for  k  in  terms  of  those  variables ,  On  the  basts  of  one 
concept,  the  penetration  theory,  it  is  postulated  that  in  the  course  of 
gas  passing  through  a  layer  of  froth  the  thin  liquid  film  surrounding  the 
gas  is  renewed  a  number  of  times  due  to  the  relative  shear  between  the 
phases.  Higbie  (Ref.  14)  has  shown  that,  for  a  constant  renewal 
function,  this  leads  to  a  liquid  phase  mass  transfer  coefficient  as 
follows: 


Here: 


diffusion  coefficient 
boundary  layer  renewal  time 


If  it  is  further  assumed  that  9,  is  solely  dependent  upon  the  system 
dynamics, Equation  (26)  may  then  be  rearranged  to  yield: 


(NTU)j^  s, 

Nr"D, 


=  f  (t,  l) 


(28) 


where:  f  (  h  l)  represents  a  composite  of  all  the  dynamic  variables. 
Geddes  (Ref.  15)  derived  an  analogous  equation  assuming  a  froth 
comprising  bubbles  of  uniform  diameter  Dj^.  In  this  case,  he  showed 
that: 


f(i1  J  =  12  -  (29) 

On  the  basis  of  similar  reasoning,  we  may  write  the  following 
emplricai  function  for  the  gas  phase: 

(NTU)  =  9(D  )  (30) 

g  g  g 

where  Dy  equals  a  gas  pha^p  diffusion  coefficient  andh  g.  once  again 
the  respective  dynamic  system  parameter. 

It  Is  evident  that  evaluation  of  the  aforementioned  dynamic 
factors  may  best  be  accomplished  experimentally.  Furthermore, 
conditions  should  normally  be  chosen  such  that  the  two  resistances 
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are  separable,  thereby  allowing  the  determination  of  both  the  gas 
and  liquid  phase  parameters .  During  earlier  air-water  experiments 
(Ref.  2  )  this  was  accomplished  by  adding  trace  "impurities"  to  the 
bulk  phases;  "impurities"  either  very  soluble  in  water  for  studies 
involving  a  gas  phase  controlling  system,  or  only  minutely  soluble 
where  the  liquid  phase  resistance  was  to  predominate.  Methanol 
and  carbon  dioxide  were  chosen  for  this  purpose  and  injected  at 
concentrations  generally  less  than  1%  by  weight.  Concerning  the 
UCON-12  UCON-114  as  well  as  the  liquid  air-systems,  it  cannot 
be  ascertained  directly  whether  the  rate  of  mass  transfer  is  determined 
by  either  the  gas  or  the  liquid  phase  resistance.  Based  upon  the  air- 
water  correlations  and  conventional  column  data  one  would  estimate 
that  both  of  the  above  systems  are  gas  phase  controlled.  This  is, 
of  course,  not  too  surprising  for  the  dispersion  as  postulated;  that 
is,  fine  particles  of  liquid  distributed  in  a  vapor  stream. 

3. 4. 3. 2  The  UCON  Fluid  Tray  Efficiency  Data 

Mass  transfer  experiments  were  initiated  only  after  the 
hydraulic  behavior  of  rotary  sieve  trays  was  well  understood  and 
could  be  predictably  controlled.  With  the  aid  of  the  binary  system 
UCON-12  UCON-114  ,  tray  efficiencies  were  determined  from  con¬ 
centration  differences  across  a  four  tray  column  using  either  a 
McCabe-Thlele  graphical  tray  counting  procedure  of  the  Fenske 
equation.  The  latter  is  applicable  in  this  instance  where  operation 
is  confined  to  the  lower  concentration  ranges  of  the  more  volatile 
component,  that  is,  between  about  6  and  35%  UCON  -12.  As  a 
result,  the  number  of  theoretical  trays  are: 


1  -Y, 


N*  _ 
P  “ 


In  '1-Y, 


)  (■ 


In  a 


(31) 


Here  Oj.  is  the  relative  volatility.  (It  is  interesting  to  note  that 
this  particular  distillation  system  is  almost  ideal;  also,  it  resembles 
liquid  air  closely  in  its  vapor-liquid  equilibrium  characteristics  as 
seen  from  Figure  31  . 

The  average  column  efficiency  is  then  equal  to: 

N* 

_ B 

4  (32) 
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K 

f  Since  In  this  range  of  operation  both  the  operating  and 

-  equilibrium  lines  are  straight,  the  latter  of  slope  K,  one  may  proceed 

to  compute  the  Murphree  plate  efficiency  as: 


E 

(S°l  °  -  1 

“  (S“)  -  1 


(33) 


where: 

S 


=  K  (at  total  reflux) 


It  must  now  be  assumed  that  no  enhancement  is  achieved  on 
these  small  trays  and  that  in  essence  the  liquid  is  completely  mixed. 
The  Murphree  plate  efficiency  then  equals  the  point  efficiency  and 
in  accordance  with  equation  (25)  the  number  of  overall  transfer  units, 
based  upon  gas  phase  composition  changes,  may  be  written  as; 


(NTU)=  ln(l-E^^) 

.  Efficiency  data  was  obtained  with  three  different  column  con¬ 
figurations,  defined  earlier  as  series  M-B,  M-D,  and  M-E.  In  the 
first  of  these,  liquid  flowed  in  opposite  directions  on  successive 
trays.  Although  the  hydraulic  performance  of  this  column  was  poor 
as  described  before,  the  effects  of  the  same  upon  tray  efficiency 
were  relatively  minor,  being  mostly  reflected  in  a  wider  data  scatter. 
The  second  of  these  test  series  comprised  the  preferred  counter- 
rotational  flow  arrangement  yielding  more  consistent  and  reproducible 
data.  Both  of  these  experiments  involved  trays  of  20%  free  area  and 
operation  outside  the  weeping  range.  As  a  result,  the  third  set  of 
experiments  was  conducted  with  trays  of  26%  free  area  but  with  a 
column  configuration  otherwise  identical  to  that  employed  during  the 
series  M-D  tests.  Although  a  minor  amount  of  weeping  could 

generally  be  detected  during  these  experiments  ,  ,  >  ^ 

i.s  -  hs  “ 

there  appeared  to  be  only  a  slight  reduction  in  tray  efficiency; 
small  enough  to  be  within  the  scatter  of  the  final  correlation. 


As  mentioned  earlier,  it  is  not  possible  to  determine 
exactly  which  of  the  phases  controls  the  mass  transfer  rate.  Based 
upon  all  available  data  Including  conventional  column  correlations, 
it  would  appear thatthe  gas  phase  resistance  predominates.  Con¬ 
sequently  it  Is  assumed  that, 
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(NTU) 


Over  the  pressure  range  Investigated  (from  4.5  to  7.8  atmos¬ 
pheres)  it  was  not  possible  to  establish  exactly  the  dependence  of  NTU 
upon  the  gas  phase  diffusion  coefficient.  Resort  was,  therefore,  taken 
to  the  prior  methanol  and  acetone-water  data  where  the  dependence  had 
been  reported  as  ^  2/3  Careful  re-evaluation  of  those  results 

^  8 
seemed,  however,  to  point  to  an  even  greater  effect,  such  as  D  ' 

Q 

The  Immediate  question,  of  course,  arises  as  to  how  such  a  relation 
might  be  Justified  since  it  indicates  almost  laminar  behavior.  Again 
the  answer  appears  to  lie  in  the  dispersion  mechanism.  If  it  is 
assumed,  for  instance,  that  the  latter  does  Indeed  involve  small  liquid 
globules  suspended  in  a  turbulent  gas  stream,  then  one  might  expect 
the  gas  phase  mass  transfer  coefficient  to  be  of  the  form: 


=  2  +  c 


D  Vp' 


(Ref.  16) 


In  the  limit  one  would  thus  expect  the  mass  transfer  coefficient 
to  be  directly  dependent  upon  the  gas  phase  diffusion  coefficient,  pro¬ 
vided,  of  course,  the  pertinent  Reynolds  number  becomes  sufficiently 
small.  At  high  Reynold’s  numbers  the  dependence  would  in  turn  be  to 
the  2/3  power. 

As  had  been  the  case  throughout  the  centrifugal  contactor 
program,  it  was  again  found  that  merely  increasing  the  rotational  speed 
of  the  tester  did  not  affect  the  tray  efficiency  (up  to  the  point,  of 
course,  where  dumping  occurs).  Inasmuch  as  the  froth  height  decreases, 
however,  with  increasing  Ng,  one  might  in  the  simplest  sense  assume, 
therefore,  that  (see  equation  12): 


NTU  «  hj  (Ng) 
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Figure  32  represents  a  summary  plot  of  all  the  efficiency  data  according 
to  these  functional  dependencies.  The  steep  velocity  dependence  Is 
somewhat  misleading  since  It  must  be  remembered  that  the  froth  height 
Is  also  strongly  influenced  by  Vg .  In  summary^  the  following  equation 
Is  recommended  for  estimating  the  efficiency  of  a  rotating  liquid  air 
distillation  tray: 

(NTU)  =  1.5  X  10^  D  _f  (34J 

y  y 


In  an  effort  to  determine  whether  the  possibility  existed  that 
these  measurements  did  not  constitute  point  efficiencies,  two  additional 
experiments  were  conducted  at  L/G  ratios  greater  than  one.  According 
to  Lewis  (Ref.  17)  the  plate  efficiency  should  decrease  as  KG/L 
decreases  at  a  given  value  of  point  efficiency  where  the  liquid  on  the  tray 
Is  Incompletely  mixed.  Since  a  typical  liquid  air  column  will  generally 
operate  at  KG/L*  l.O,  one  would,  in  this  case  expect  lower  plate 
efficiencies  than  presently  measured  for  (KG/L»1.9),  1  .e.,  L/V  =  I, 

K=  1.9  for  UCON  fluid.  The  following  measured  E's  obtained  from 
special  Runs  M-E  6  and  M-E  12,  at  KG/L«,1 .0  and  at  correspondingly 
higher  liquid  rates,  indicate  Just  the  opposite  when  compared  to  values 
calculated  by  equation  (34). 


Run 

Ys 

Nq 

E  meas . 

E  calc 

M-E  6 

10.5 

1.8 

223 

.845 

.610 

M-E  12 

7.8 

1.8 

121 

.950 

.780 

From  this  It  would  appear  that  liquid  mixing  was  complete 
and  that  there  might  once  again  be  a  secondary  effect  of  liquid 
velocity  which  has  not  been  accounted  for. 
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3.4.4  Circumferential  Tray  Tests 

This  program  was  designed  as  a  logical,  intermediate  step 
between  the  segmental  tray  tests  and  the  100  lb. /sec.  cryogenic  unit. 

Its  main  purpose  was  to  test  the  empirical  design  criteria  developed  in 
the  previous  air-water  and  UCON  fluid  test  programs  with  a  tester  in 
which  the  geometry  more  closely  resembles  that  of  the  cryogenic  unit. 

The  program  was  thus  regarded  as  "proof  test"  and  was,  as  such, 
entirely  successful.  The  design  and  fabrication  of  the  circumferential 
tray  test  rotor  is  presented  in  Appendix  V. 

It  was  found  that  the  fluid  handling  circuitry  had  a 
relatively  narrow  operating  range  as  can  be  seen  in  Table  1 ,  under 
UCON  21-114.  When  the  vapor  feed  rate  was  Increased,  for  Instance, 
the  tester  pressure  rose  accordingly  due  to  the  difficulty  in  condensing 
the  Increased  amount  of  vapor.  Thus,  the  vapor  density  increased  and 
vapor  velocity  remained  relatively  constant,  Secondly,  at  any  set  of 
operating  conditions  only  a  small  change  in  gravitational  force  was 
possible  between  flooding  and  dumping  conditions.  Consequently,  only 
20  "runs "  were  required  to  cover  the  achievable  range  of  operation  of 
the  fluid  circuit.  Similarly,  the  efficiency  tests  covered  as  wide  a 
range  as  possible  and  further  testing  was  felt  to  be  unnecessary.  Each 
section  of  the  hydraulic  and  efficiency  correlations  will  be  discussed 
separately. 

3 . 4. 4. 1  Hydraulics 

Due  to  the  fluid  circuit  limitations  noted  in  the  previous  paragraph, 
all  of  the  data  taken  were  at  lower  velocities  and  rotational  speeds  rela¬ 
tive  to  the  data  from  the  segmental  tester.  Although  this  data  covered 
the  operating  range  of  the  equipment  as  discussed  above,  it  does  not 
cover  a  wide  enough  range  of  the  variables  to  Justify  the  development 
of  new  empirical  relationships  or  changes  in  previous  correlations. 

For  this  reason,  the  data  will  be  examined  to  see  whether  or  not  it  is 
reasonably  consistent  with  the  correlations  developed  in  both  the  air- 
water  and  the  segmental  tray  UCON  fluid  studies. 

The  configuration  of  the  teeter  windows  was  such  that  fnein  height 
observations  were  limited  to  the  middle  trays,  numbered  2  and  3.  Because 
of  the  vapor  flow  past  the  outside  of  the  windows  and  because  some  liquid  was 
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continually  splashing  against  them^  the  visual  aspects  of  the  tester 
were  far  from  perfect.  However,  several  photographs  were„  taken  and 
the  observed  foam  heights  were  compared  to  these  photographs  and 
corrected  where  necessary.  A  typical  photograph  has  been  Included 
for  illustrative  purposes  (Fig.  15).  Two  data  points  were  obtained  for 
each  set  of  conditions  and  the  20  hydraulic  and  6  efficiency  runs  thus 
yielded  52  data  points.  These  are  tabulated  in  Appendix  IV. 


An  empirical  relation  between  foam  height  and  the  independent 
variables  effecting  the  tray  operation  was  derived  from  the  previous 
tests  and  reported  in  the  preceding  section  on  Figure  22  as; 


C 


1/2 


P  L 


(Ng) 


.85 


(f) 


0.13 


The  decision  to  block  off  a  portion  of  each  tray  to  Increase 
the  dry  plate  pressure  drop  and  thus  increase  the  operating  range  of 
the  column  was  discussed  previously.  This  blocked  off  section, 
however,  created  some  problems  in  calculating  liquid  and  vapor 
velocities  since  there  were  actually  two  "active  areas"  which  could 
be  used .  The  area  based  on  the  column  width  before  the  trays  were 
blocked  was  used  because  it  is  more  reasonable  to  assume  that  this 
width  determines  velocities  rather  than  the  smaller,  blocked  off  width 
of  the  trays  themselves.  Since  some  channeling  of  the  liquid  along 
the  edges  of  the  tray  might  well  have  occurred,  the  blocking  of  the 
trays  might  account  for  some  of  the  deviations  between  predicted  and 
actual  foam  heights . 


If  the  above  equation  holds  for  the  circumferential  trays,  a 

1.6 


log  -  log  plot  of  h^  versus 


Q,  1/3  1/2 


V 


.85  .  .13 
Ng  f 


must,  by  definition,  fall  on  a  straight  line  with  a  slope  of  1.0.  Figure  33 
is  such  a  plot  and  shows  the  previously  determined  correlations  for 
air-water  and  UCON  fluid  as  well  as  the  actual  data  points  for  the 
circumferential  trays.  It  is  evident  that  the  data  does  Indeed  fall  very 
well  onto  or  near  a  line  with  a  slope  of  1.0,  located  between  the 
previous  correlations.  There  are  several  factors,  in  particular  surface 
tension  and  tray  geometry,  that  could  account  for  the  displacement  of 
the  three  systems  from  one  another. 
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In  addition,  one  should  point  out  that  the  tester  operation 
was  confined  to  gravitational  fields  below  100  Ng  and,  therefore, 
generally  outside  the  range  where  previous  segmental  tray  experi¬ 
ments  had  been  conducted. 

In  other  respects  the  hydraulic  performance  of  this  rotor 
was  completely  satisfactory.  Earlier  doubts  as  to  phase  maldis¬ 
tribution  and  the  resultant  rotor  unbalances  and  vibrations  proved 
to  be  unfounded  even  at  conditions  where  partial  inactivity  and  weep¬ 
ing  occurred  on  the  trays.  Although  there  appeared  to  be  no  evidence 
of  hydraulic  gradients  it  is,  nevertheless,  Impossible  to  draw  any 
definite  conclusions  from  the  data  obtained  so  far.  Not  only  was  the 
column  operation  outside  a  range  where  serious  gradients  would  have 
been  expected,  but  the  tray  lengths  were  still  less  than  6  inches, 
making  foam  gradient  measurements  difficult  and  unrealistic. 

Two  differential  pressure  transducers  were  used  to  measure 
the  pressure  drops  across  the  trays.  One  was  placed  across  Tray  No. 2, 
the  other  across  all  four  trays.  The  results  indicate  that  their  value  was 
marginal  since  the  data  was  inconsistent  at  times,  i.e.,  the  pressure 
drop  read  across  the  single  tray  being  often  about  the  same  as  that 
across  all  four  trays.  Secondly,  the  instrument  zero  shifted  signifi¬ 
cantly  during  each  series  of  runs,  making  all  readings  questionable. 

A  direct  comparison  of  foam  density  measurements  would,  there¬ 
fore,  appear  to  be  of  little  value.  It  may  be  stated,  however,  that 
the  available  pressure  drops  seemed  to  once  again  place  the  data  be¬ 
tween  that  of  air-water  and  of  UCON-12  -  UCON-114  as  described 
previously  and  as  shown  in  Figure  28. 

For  three  different  vapor  velocities,  the  rotational  speed  was 
cut  back  until  the  foam  height  reached  2  Inches  which  is  the  tray 
spacing.  These  flooding  points,  listed  in  Table  5,  were  plotted  on 
Figure  34  as  a  log  -  log  plot  of  ^ 

^s  / -  versus  Ng 

V 

Again,  it  is  evident  that  the  present  system  falls  between  the  other 
UCON  fluid  and  air-walei  ountilaLiuna  . 


Even  though  the  pressure  drops  were  scattered  a  plot  of  h^^ 
was  made  in  Figure  35,  where 

hj^  =  dry  plate  pressure  drop 
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TABLE  5 

FLOODING  POINTS  FOR  CIRCUMFERENTIAL  TRAYS 


p 

P 

V 

_ 1^ 

V 

s 

No 

83.7 

1.26 

6.45 

8 

81.5 

1.08 

7,56 

16 

83.9 

1.11 

5.5 

12.5 
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V  2 
(—  ) 
f 


and 


h  =  hydrostatic  head=  a  h,  Ng  ^  ^  ) 

S  I  Xj  V 


AP  X  144  g 

h  +Ah  =  - - ^ 

s  D  Pt  g 


It  is  reported  in  the  segmental  tray  test  section  of  this  report 
that  the  trays  would  start  weeping  when 


Ah. 


=  0.3  -»■  0.5  and  that  the  trays  will  dump  at 


— - —  =  0.3  or  less.  About  the  only  comment  which  can  be 
s 

made  is  that  these  numbers,  particularly  the  first,  might  be  somewhat 
conservative . 


3. 4. 4. 2  Mass  Transfer 

A  total  of  6  runs  were  made  using  a  mixture  of  UCON  21  and 
UCON  114  as  discussed  in  an  earlier  section  of  this  report.  After 
operation  had  steadied  out  for  each  set  of  operating  conditions,  the 
vapor  feed  and  the  exit  vapor  were  analyzed.  Since  the  system  was 
operated  at  total  reflux,  the  composition  of  the  exit  vapor  was 
necessarily  the  same  as  that  of  the  liquid  feed  and  the  composition 
of  the  liquid  discharge  equaled  that  of  the  vapor  feed. 


The  compositions  were  then  used  as  end  points  of  a  McCabe- 
Thiele  analysis  wherein  the  number  of  theoretical  plates  (NTP)  were 
stepped  off  on  an  x-y,  liquid-vapor  equilibrium  plot.  The  column 
efficiency,  Ec,  was  then  calculated  by  dividing  the  NTP  by  4,  the 
actual  number  of  trays.  Column  efficiency  was  converted  to  Murphree 
tray  efficiency  by, 
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mv  K  -  1 

where; 

E  =  Murphree  vapor  efficiency 

mv 

K  =  average  slope  of  the  equilibrium  line 

and  the  number  of  transfer  units,  (NTU),  were  then  calculated  from  the 
definition; 

(NTU)  =  In  (1  -  E  ) 
mv 

O 

Figure  36  is  a  log  -  log  plot  of  NTU  divided  by  D  ‘  (D  =  Gas 

85  ^  ^ 

Phase  Diffusion  Coefficient),  h'^  and  (Ng)'  versus  V  .  This  relation, 
reported  in  the  segmental  UCON  test  section,  utllize(^ data  for  several 
different  tray  geometries  and  was  an  excellent  fit.  As  is  evident  in 
Figure  36,  the  UCON  21-114  data  also  falls  very  well  within  the  pre¬ 
dicted  range.  Since  many  of  the  unccrrelated  parameters,  such  as 
surface  tension,  and  the  tester  geometry  were  different  in  the  circum¬ 
ferential  tests,  it  is  quite  reasonable  to  expect  that  the  liquid  air 
performance  can  be  predicted  by  this  relationship. 

4.0  HEAT  TRANSFER  EXPERIMENTAL  AND  ANALYTICAL  PROGRAM 

4 . 1  Introduction 

As  described  in  the  introduction,  the  distillation  system  incor¬ 
porates  a  heat  exchanger  for  transfer  of  heat  from  the  high  pressure 
column  to  the  low  pressure  column.  This  heat  exchanger  called  the 
reboller-condenser  is  shown  schematically  in  Figure  1-c. 

The  experimental  and  analytical  program  reported  in  this 
section  was  selected  to  develop  a  reboiler-condenser  configuration 
that  would  promote  maximum  unit  heat  flux.  It  was  previously  shown 
that  if  feed  gas  and  waste  gas  pressures  are  fixed  the  AT  across  the 
reboller-condenser  is  controlled  by  column  pressure  drop.  Thus, 
miiuiiiuiii  column  pressure  drop  means  maximum  AT  and  hence  maxi¬ 
mum  unit  heat  flux.  The  other  factor  determining  unit  heat  flux  is 
the  overall  heat  transfer  coefficient  which  is  comprised  of  individual 
resistances.  This  program  concentrated  on  improving  the  boiling 
and  condensing  coefficients  where  the  maximum  resistances  occur. 
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Linde,  prior  to  participation  in  the  airborne  air  separation 
research  program,  found  that  very  high  boiling  heat  transfer  coefficients 
could  be  achieved  with  specially  prepared  surfaces.  These  studies  were 
limited  to  operation  under  normal  gravitational  conditions .  Work  performed 
under  Contract  No.  AF  33 (61 6) -7 646  later  showed  that  these  specially 
prepared  boiling  surfaces  exhibited  no  loss  of  performance  at  several  hun¬ 
dred  Ng.  At  this  point  the  condensing  heat  transfer  resistance  was  con¬ 
trolling. 


Preliminary  studies  on  condensation  showed  that  the  best  chance 
of  increasing  the  condensing  heat  transfer  coefficients  was  to  use  the 
high  acceleration  field  that  could  be  generated  by  rotating  the  reboiler- 
condenser.  The  total  resistance  to  heat  transfer  during  condensation 
of  a  single  component  vapor  is  in  the  film  of  condensate  on  the  surface. 
Any  reduction  in  the  thickness  of  this  film  will  proportionately  decrease 
the  heat  transfer  resistance.  To  increase  the  coefficient,  an  acceleration 
parallel  to  the  condensing  surface  is  needed.  It  is  also  helpful  to  make 
the  condensing  surface  short;  this  keeps  the  film  thin  by  reducing 
accumulated  condensate.  A  quantitative  measure  of  these  effects  is  shown 
by  the  Nusselt  analysis  (Ref.  18)  of  film  condensation.  The  Nusselt 
an^alysls  for  a  vertical  surface  predicts  that; 


h  =  0.943 
c 


.3  2 


1/4 


1/4 


(35) 


This  equation  predicts  that  the  condensing  heat  transfer  co¬ 
efficient  is  proportional  to  the  acceleration  and  Inversely  proportional 
to  the  length  of  the  condensing  surface,  both  to  the  l/4  power.  These 
relations  were  confirmed  in  the  test  program  conducted  on  a  subcontract 
under  Air  Force  Contract  No.  AF  33(616)-7646.  In  that  program,  con¬ 
densing  coefficients  were  measured  on  a  3-lnch  diameter  disk,  oriented 
perpendicular  to  the  gravitational  field,  and  milled  with  l/l6  inch  deep, 
45  degree  vee  grooves. 

The  objective  of  the  present  test  program,  conducted  under  Air 
Force  Contract  AF  33(657)-8722,  was  to  develop  and  demonstrate,  on 
a  small  scale,  a  sufficiently  compact  and  lightweight  prototype  reboiler- 
condenser.  This  unit  would  utilize  the  special  boiling  surface  and  high 
acceleration  fields  in  order  to  meet  the  performance  requirements.  Ful¬ 
fillment  of  this  objective  required  a  series  of  preliminary  tests  to  aid 
in  the  development  of  the  design  of  the  prototype  unit.  These  tests 
were  to  be  followed  by  a  demonstration  or  proof  test  of  a  prototype 
element  of  the  best  reboller-condenser  design  evolved  from  the  basic 
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heat  transfer  studies.  (This  prototype  element  Is  the  UCON  fluid  test 
rotor  in  Section  4.5  of  the  report.) 

The  preliminary  test  phase  (basic  heat  transfer  studies)  was 
necessary  to; 


a.  Establish  the  effect  of  pressure  on  the  boiling  per¬ 
formance  of  the  special  surface;  all  results  to  date  were  for 
performance  at  atmospheric  pressure. 

b.  Reaffirm  the  conclusion  that  high  gravitational  fields 
and  short  condensate  stripping  lengths  (short  flow  path  for 
condensate)  could  be  advantageously  used  to  increase  the 
condensing  heat  transfer  coefficient,  especially  in  a  practical 
reboiler-condenser  configuration,  such  as  Inside  small  dia¬ 
meter,  smooth  tubes. 

c.  Investigate  possible  means  of  Increasing  the  condensing 
heat  transfer  coefficient  inside  tubes  above  that  attainable  with 
smooth  tubes  and  high  gravitational  fields.  It  was  a  prerequisite 
that  any  technique  evolved  be  compatable  with  configurational 
requirements  dictated  by  strength  considerations  for  the 

re  boiler-condenser . 

d.  Provide  boiling  performance  curves  on  an  untreated 

■  aluminum  surface  in  a  high  gravitational  field.  A  comparison 
of  this  data  with  that  for  the  special  boiling  surface  would  show 
clearly  the  advantages  offered  by  these  special  surfaces. 

Tests  to  satisfy  the  first  item  of  the  preliminary  test  phase  were 
conducted  in  an  apparatus  operating  at  normal  gravity.  Tests  to  satisfy 
Items  2,  3,  and  4  were  conducted  in  the  high  G  cryostat  constructed 
under  Contract  No.  AF  33(616)-7646, 

The  basic  element  of  the  prototype  reboiler-condenser  is  a 
rotating  disk,  as  shown  in  Figure  37.  This  disk  is  made  of  curved 
tubes,  brazed  together,  and  rotates  about  its  axis  of  symmetry.  The 
complete  reboller-condenser  consists  of  many  of  these  disks, 
stacked  with  a  common  axis  of  rotation.  All  tubes  are  headcrcd 
together  at  their  inlets  at  the  inner  annular  boundary  of  the  disks, 
and  also  at  their  outlets  at  the  outer  boundary.  The  high  pressure  fluid, 
the  condensing  stream,  is  contained  within  the  tubes  so  as  to  minimize 
tube  wall  thickness  and  thus,  weight.  The  condensate,  which  is  formed 
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on  the  walls  of  the  tube,  flows  radially  outward  under  the  influence 
of  the  centrifugal  acceleration  (slightly  modified  by  Coriolis  acceleration.) 
Due  to  the  curvature  of  the  tubes,  this  radial  flow  is  essentially  trans¬ 
verse  to  the  tube  axis  over  most  of  the  area  of  the  rotor.  The  con¬ 
densate  eventually  accumulates  on  the  side  of  the  tube  which  is  radially 
outward  and  flows  out  of  the  tube  in  response  to  that  component  of  the 
acceleration  which  is  parallel  to  the  tube  axis.  On  the  average,  the 
latter  component  is  quite  small  compared  to  the  total  acceleration.  The 
boiling  fluid  occupies  the  small  space  between  adjacent  disks  and  flows 
radially  outward. 

This  configuration  was  established  for  the  reboiler-condenser 
on  the  basis  of  feasible  construction  and  maximum  use  of  the  gravi¬ 
tational  field.  The  development  of  equations  describing  heat  transfer 
behavior  in  the  reboiler-condenser  are  presented  in  this  section  and 
the  application 6f  these  equations  toward  actual  design  will  be  shown 
in  the  Preliminary  Design  and  Analysis  Section  (Section  6)  of  this 
report . 


The  air  enrichment  device  also  requires  development  of  a  compact 
and  lightweight. reflux  condenser.  The  function  of  this  unit  is  to  pro¬ 
vide  means  for  efficient  exchange  of  heat  between  a  low  pressure 
condensing  nltrogren  stream  and  a  super-critical  hydrogen  stream.  In 
contrast  to  the  reboiler-condenser;  the  reflux-condenser  design  calls 
for  condensation  on  the  outer  surface  of  the  exchanger  tubes  since  the 
condensing  stream  is  the  lower  pressure  stream  in  this  Instance. 

Nitrogen  condensation  tests  on  the  outer  surface  of  small  diameter 
tubes  were  included  in  the  aforementioned  preliminary  test  phase  to 
provide  the  heat  transfer  information  needed  to  develop  the  design  of 
the  reflux  condenser. 

4.2  Summary 

Of  the  several  methods  investigated  to  reduce  the  condensing 
side  heat  transfer  resistance  (use  of  a  non-wetting  surface,  helical 
grooves  and  porous  surfaces),  porous  surfaces  proved  to  be  the  most 
attractive.  Condensing  side  coefficients  well  in  excess  of  the  often 
discussed  2500  Btu/(ft-  ^)  (hr.)  (“R)  figure  can  be  obtained,  the  exact 
quantity  depending  on  condensing  side  temperature  difference  and 
rotational  speed. 

Boiling  tests  on  a  normal  (flat,  untreated)  surface  have  shown 
that  the  special  boiling  surface  retains  a  substantial  advantage  over  the 
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conventional  boiling  surface  at  all  heat  fluxes  and  accelerations  of  interest. 
With  both  types  of  boiling  surfaces,  high  pressure  operation  increased  heat 
transfer  coefficients . 

Consequently,  an  aluminum  porous  condensing  surface  in  combination 
with  the  special  boiling  surface  shows  promise  of  markedly  reducing  the  volume 
and  weight  of  the  reboiler-condenser.  The  Preliminary  Design  and  Analysis 
Section  (Section  6)  of  this  report  converts  the  porous  condensing  and  special 
boiling  surface  performances  into  weight  and  volume  estimates. 

The  proposed  reboiler-condenser  design  with  smooth  condensing 
surfaces  has  performed  functionally  as  expected  in  the  prototype  tests  with 
UCON  fluids.  Operation  proved  to  be  smooth  and  trouble-free.  The  improve¬ 
ment  in  condensing  side  heat  transfer  on  a  smooth  tube  as  indicated  by 
tests  in  the  high  G  cryostat  was  verified  by  the  tests  in  the  UCON  fluid 
prototype  reboller-condenser. 

Future  experimental  work  is  recommended  to  optimize  the  design 
of  the  reboiler-condenser.  Parameters  affecting  the  porous  condensing 
surface,  such  as  pore  size  and  surface  thickness,  and  condensing  fluid 
property  parameters,  such  as  condensate  pressure,  should  be  studied.  Two- 
phas'e  flow  of  the  boiling  fluid  should  be  examined  in  detail  since  this  has 
a  strong  bearing  on  the  boiling  side  temperature,  and  hence  on  AT. 

Future  work  should  also  Include  the  Investigation  of  the  porous 
condensing  surface  on  the  outside  of  tubes.  If  the  same  high  performance 
can  be  obtained  as  with  condensation  inside  tubes,  porous  coatings  could 
be  advantageously  applied  to  the  reflux-condenser.  Test  results  for 
condensation  on  the  outer  surface  of  a  smooth-walled  tube  agreed  reason¬ 
ably  well  with  predictions  made  using  a  Nusselt-type  analysis  by  Hassan 
and  Jacob  (Ref.  19).  Efforts  in  this  area  would  lead  to  future  design  work 
on  a  reflux-condenser.  • 

This  summary  illustrates  the  Important  strides  that  have  been  made 
in  the  heat  transfer  area.  The  work  presented  in  the  Preliminary  Design 
and  Analysis  Section  of  this  report  will  Illustrate  the  tremendous  Influence 
of  the  reboiler-condenser  on  system  weight  and  volume.  Thus,  it  is 
imporianl  that  vvork  continue  in  this  area. 

4.3  Pool  Boiling  at  Normal  Gravity  and  Elevated  Pressures 
4.3.1  Test  Objectives 

The  purpose  of  this  phase  of  the  basic  heat  transfer  program  was 
to  evaluate  the  effect  of  pressure  on  performance  of  the  special  boiling 
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surface.  All  previous  data  had  been  taken  at  atmospheric  pressure. 

Data  at  elevated  pressures  with  UCON  fluids  and  oxygen  were  needed 
to  evaluate  performance  of  the  UCON  fluid  test  rotor,  and  to  allow 
accurate  assessment  of  the  performance  of  the  proposed  cryogenic 
reboiler-condenser.  In  both  cases,  the  pressure  on  the  boiling  side 
would  be  about  70  psla. 

The  three  fluids  whose  boiling  performance  was  measured  as  a 
function  of  pressure  were  UCON  12,  UCON  22,  and  oxygen.  Oxygen 
and  UCON  12  were  chosen  because  they  were  the  fluids  most  likely  to 
be  used  in  the  two  previously  mentioned  experimental  heat  exchangers. 
UCON  22  was  tested  because  it  was  still  being  considered  as  a  possible 
alternate  test  fluid  for  the  non-cryogenlc  test  rotor.  It  was  necessary 
that  the  boiling  data  be  obtained  experimentally,  since  there  is  no 
completely  reliable  method  of  estimating  the  effect  of  the  fluid 
physical  properties  on  boiling  performance. 

4.3.2  Pool  Boiling  Apparatus 

The  tost  apparatus  is  shown  in  Figure  38.  It  consisted  of  a 
large  reservoir  (25  gallon  capacity)  of  the  boiling  liquid,  with  the 
test  piece  submerged  in  it.  The  test  piece  was  mounted  on  the  end  of 
a  long  stainless  steel  rod,  which  entered  the  Insulated  container 
through  the  flanged  closure.  The  reservoir  was  charged  with  liquid 
prior  to  each  run.  The  large  volume  of  liquid  made  it  unnecessary  to 
add  liquid  during  the  run. 

The  pressure  inside  the  test  apparatus  was  controlled  manually 
by  a  vapor  vent  valve  and  measured  by  a  Laboratory  test  gauge.  Steady 
pressures  were  easily  achieved  because  the  large  vapor  volume  had  a 
dampening  influence  on  fluctuations.  The  vent  valve  and  test  gauge 
are  not  shown  on  Figure  38. 

The  test  piece  used  in  this  apparatus  is  shown  in  Figure  39  . 

It  was  a  cylinder  with  an  overall  length  of  7-9/3  2  Inches.  The  active 
heat  transfer  length  (that  is,  the  length  which  is  wetted  by  the  test 
fluid,  and  on  which  boiling  can  occur)  was  6-5/8  inches.-  Specimens 
were  1  inch  in  diameter.  Both  copper  and  aluminum  specimens  were 
tested.  A  cartridge  heater  inside  the  cylinder  supplied  heat  to  the 
boiling  surface.  Alternating  current  real  power  to  this  heater  was 
measured  by  a  watt  meter.  Heat  leak  into  the  test  piece  was  negligible 
since  the  long,  thin  stainless  steel  support  rod  conducted  heat  at  a  very 
low  rate.  The  little  heat  that  was  conducted  along  the  support  rod  was 
absorbed  by  the  liquid  in  the  reservoir  before  it  could  reach  the  test 
piece . 
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A  copper-constantan  thermocouple  was  used  to  measure  the 
AT  between  the  test  piece  and  the  boiling  fluid.  One  junction  was 
located  in  a  hole  1/16“  in  diameter  and  about  2  inches  deep;  just  under¬ 
neath  the  surface  of  the  test  specimen.  This  junction  was  cemented  in 
place j  using  a  high  thermal  conductivity  cement.  The  other  junction  was 
in  the  bulk  of  the  test  fluid.  The  boiling  side  AT  (aTj^)  was  found  by  sub¬ 
tracting  the  conductive  temperature  drop  (AT^),  between  the  thermocouple 
hole  and  the  outside  surface  of  the  test  specimen,  from  the  overall  AT 
measured  by  the  thermocouple.  Thus,  all  the  data  needed  to  construct 
a  heat  flux  versus  ATj^  curve  was  directly  obtainable. 

4.3.3  Pool  Boiling  Results 

The  results  for  boiling  UCON  12,  UCON  22,  and  oxygen  on  the 
special  boiling  surface  applied  to  copper  are  shown  in  Figure  40.  The 
boiling  coefficient  is  plotted  as  a  function  of  the  heat  flux  multiplied 
by  the  parameter  (x  p  y  a'  Tj^) .  The  use  of  this  parameter  takes  into 
account  the  significant  physical  properties  of  the  boiling  fluids  and 
thus  allows  generalization  of  the  test  data  to  yield  a  useful  correlation 
for  all  three  fluids . 

The  significance  of  this  parameter  is  shown  by  the  following 
derivation. 

The  pressure  inside  a  vapor  bubble  of  small  diameter  is  greater 
than  in  the  surrounding  liquid,  because  of  surface  tension  forces . 

The  surface  tension  force  acting  on  the  equator  of  the  hemisphere  is: 

=  2n  Rj^  0 


The  opposing  pressure  force  is: 


=  (P. 


where  R^  is  the  bubble  radius,  and  and  are  the  vapor  and  liquid 
pressures,  tor  equilibrium  F^  =  F^.  Therefore: 


AP  =  (P  -  PJ  = 
V  L 


2  a 


Pz 
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If  the  bubble  is  assumed  to  be  at  thermal  equilibrium, 
superheat  can  be  calculated  using  the  Clausius-Clapeyron 
equation; 


dP  _ 

\  O/"  V  -  l' 


For  small  changes  in  T  ,  the  vapor  pressure  curve  can  be  assumed  linear 
and: 


dP  ^  A  P 


\  p , 


) 


Therefore; 

AP 


^  Py 


Rearranging, 


and  noting  that  at  modest  pressure  p  (p  ^ 


) 


1.0 


1 


^  Py  \ 

2p  -  Tj^ 


If  we  assume  that  R,  is  the  characteristic  size  of  an  active  site  on  the 
Linde  boiling  surface,  then  AT,  would  be  the  minimum  temperature  difference 
necessary  to  start  vapor  bubbles  growing  from  an  active  site.  Thus,  for 
boiling  of  a  variety  of  fluids  on  a  given  surface. 


1 

^^b 


P 

^  V  b 


2  a  '  T. 


(Q 


/a  ^ 

'"b' 


(36) 


Qualitatively,  the  result  is  that  the  boiling  coefficient  for  a  fluid  Increases 
with  Increase  in  pressure. 


The  results  for  boiling  of  UCON  12  and  oxygen  on  the  Linde  boiling 
surface  applied  to  aluminum  are  shown  in  Figures  41  and  42.  The  heat  flux 
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on  this  surface  is  shown  as  a  function  of  temperature  difference  be¬ 
tween  the  metal  wall  and  the  boiling  fluid.  Unfortunately,  these  results 
did  not  correlate  in  the  same  way  as  those  on  the  copper  surface.  This 
is  attributed  to  the  special  boiling  surface  on  the  aluminum  not  being 
applied  as  uniformly  as  that  on  copper.  With  sufficient  care  in  prepa¬ 
ration,  an  aluminum  surface  that  is  comparable  in  performance  to  a 
copper  surface,  and  which  would  conform  to  the  proposed  correlation 
could  be  prepared. 

The  effect  of  pressure  on  the  boiling  performance  was  qualitatively 
the  same  as  that  noted  on  the  copper  surface.  A  smaller  AT  was  required 
to  produce  a  given  heat  flux  at  high  pressures  than  at  low  pressures. 

Thus,  the  boiling  coefficient  improved  as  the  pressure  was  Increased.  A 
linear  interpolation  of  ATj^  with  pressure  is  recommended  for  estimating  the 
boiling  side  AT  at  a  given  heat  flux  and  intermediate  pressure  for  the 
aluminum  surface . 

In  these  experiments  the  values  for  heat  of  vaporization  (X)  and 
vapor  density  (oy)  for  oxygen  were  taken  from  Reference  (20)  and  the 
values  for  the  surface  tension  of  oxygen  from  Reference  (21),  Use  of 
Reference  (20)  will  also  give  saturation  temperature  versus  pressure 
values  for  oxygen. 

The  properties  for  UCON  fluids  were  obtained  from  Reference  (22) 
except  the  surface  tension  at  pressures  above  one  atmosphere  was  obtained 
by  use  of  the  Ebtvos  equation,  Reference  (23). 

4.4  Bolling  and  Condensing  Studies  in  Hlgh-G  Cryostat 

4.4.1  Test  Program 

Seven  specimens  were  required  to  satisfy  the  program  for  basic 
heat  transfer  studies  in  high  gravitational  fields.  The  first  six  tests  were 
condensation  experiments  while  the  seventh  was  a  boiling  experiment. 

Five  of  the  six  condensation  experiments  were  for  condensation 
Inside  tubes  where  different  surfaces  were  tested  on  the  heat  transfer 
specimen.  (Tests  1,  3,  4,  5,  and  6),  These  five  specimens  each 
consisted  of  four  heat  exchanger  tubes  headered  at  both  ends  into 
stainless  steel  manifolds  which  distributed  vapor  and  collected  con¬ 
densate.  The  manifolds  were  connected  to  the  condensing  and  boiling 
chambers,  respectively,  by  stalnlCGs  steel  tubes  passing  through  a 
mlcarta  flange,  which  divided  the  cryostat,  Figure  43,  into  two 
separate  chambers.  Nitrogen  was  used  as  the  heat  transfer  medium  on 
both  sides  of  the  exchanger.  The  condensing  side  was  a  closed  system; 
the  heat  load  was  therefore  the  sum  of  the  electrical  energy  to  the 
reboller  and  the  heat  leak.  Boiling  and  condensing  side  pressures  were 
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measured  by  pressure  transducers  and  the  overall  AT  was  then  calcu¬ 
lated  from  the  vapor  pressure  curves  giving  the  difference  between  the 
boiling  and  condensing  fluid  saturated  temperatures.  The  condensing 
side  AT  was  found  by  subtracting  the  wall  temperature  drop  and  the 
boiling  side  AT  from  the  overall  AT.  All  six  condensing  experiments 
were  performed  with  the  boiling  side  treated  with  the  special  boiling 
surface.  The  boiling  side  AT  was  known  from  previous  Linde  studies 
at  normal  gravity,  since  the  work  done  under  Contract  AF  33(616)- 
7  646  showed  that  a  high  gravitational  field  had  no  effect  on  heat  transfer 
on  a  special  boiling  surface  in  the  range  of  heat  fluxes  of  interest. 

Since  the  heat  transfer  area  was  known,  the  average  condensing  co¬ 
efficient  was  directly  computable . 

Test  specimens  3,  4,  5,  and  6  were  used  to  investigate  means 
of  increasing  the  condensing  coefficient  above  the  smooth  surface 
values  of  test  specimen  1.  Since  the  resistance  on  the  condensing 
side  was  the  major  resistance  to  heat  transfer,  any  improvement  in 
condensing  performance  could  be  directly  translated  into  a  reduction 
in  heat  transfer  area  requirements,  temperature  difference  requirements, 
or  a  combination  of  both.  All  configurations  Investigated  were  applied 
inside  the  tubes.  Schemes  tested  were  (1)  helical  grooves,  (2)  a 
porous  surface  (two  test  specimens)  and  (3)  a  nonwetted  surface. 

These  specimens  were  constructed  and  tested  identically  as  in  test  1. 
The  only  difference  was  the  alteration  of  the  condensing  surface  in  an 
attempt  to  get  Improved  condensing  heat  transfer  coefficients. 

Test  2  was  designed  to  measure  condensation  outside  smooth 
tubes  and  therefore  the  previously  discussed  tube  manifolds  supplied 
liquid  and  removed  a  two-phase  stream  of  vapor  boiloff  and  excess 
liquid.  The  condensing  side  AT  was  measured  directly  with  a 
thermocouple . 

The  last  specimen  (test  7)  measured  boiling  on  a  smooth 
surface  in  a  high  gravitational  field.  It  will  be  discussed  in  detail 
later  in  section  4 . 4 . 1 . 6 . 

4. 4. 1.1  Condensation  Inside  Smooth  Tubes  -  Test  1 

This  test  was  designed  to  measure  condensing  heat  transfer 
coefficients  inside  smooth  copper  tubes  to  provide  condensing 
performance  data  for  the  reboiler-condenser  where  small  diameter, 
smooth  tubes  are  used.  The  test  specimen  is  shown  in  Figure  44. 
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4.4. 1.2  Condensation  Outside  Smooth  Tubes  -  Test  2 

This  test  was  designed  to  measure  condensing  heat  transfer 
coefficients  outside  smooth  copper  tubes  to  provide  condensing 
performance  data  for  the  reflux  condenser  where,  as  in  the  case  of  the 
reboller-condenser,  small  diameter,  smooth  tubes  are  used.  The  test 
specimen  is  shown  in  Figure  45. 

4. 4. 1.3  Condensation  Inside  Helical-Grooved  Tubes  -  Test  3 

A  tap  was  run  through  the  copper  tubes  of  the  test  piece 
prior  to  welding  them  into  the  headers .  This  cut  a  helical  thread  with  a 
pitch  of  l/l8  inch,  and  a  60°  groove  angle.  A  reamer  was  then  run 
through  the  tube  to  shave  the  peaks  off  the  threads.  A  25  mil  wide  flat 
resulted.  The  remaining  groove  was  20  mil  deep.  A  sketch  of  a  typical 
tube  is  shown  in  Figure  46.  It  was  expected  that  this  profile  would 
improve  the  condensing  coefficient  on  the  radially-inward  portion  of 
the  tube  by  providing  ridges  towards  which  the  condensate  would  run, 
and  from  which  the  condensate  would  be  easily  removed  as  droplets 
by  the  high  gravitational  field.  Film  flow  around  the  circumference  of 
the  tube  would  then  be  circumvented.  The  sides  of  the  grooves  in  the 
radially-inward  portion  of  the  tube  would  be  relatively  bare  of  condensate, 
and  the  stripping  length  would  be  reduced  from  one-half  the  tube  cir¬ 
cumference  to  the  length  of  the  sides  of  the  grooves.  The  expected 
improvement  in  coefficient  would  be  2.03  times,  since  the  condensing 
heat  transfer  coefficient  varies  with  the  length  to  the  one-quarter 
power.  On  the  radially-outward  portion  of  the  tube,  the  condensate 
was  expected  to  preferentially  accumulate  in  the  troughs  of  the  grooves, 
and  be  held  there  by  gravitational  and  surface  tension  forces.  The 
condensate  would  then  drain  to  the  most  radially-outward  position  of 
the  tube  by  way  of  the  troughs.  The  flats,  having  lost  most  of  their 
condensate  by  flow  into  the  troughs,  would  have  a  thinner  film  than 
if  no  troughs  were  present,  and  hence  a  higher  coefficient.  The 
portion  of  the  heat  transfer  area  that  would  be  rendered  ineffective 
(the  flats  on  the  radially-inward  portion  of  the  tube  and  the  sides 
of  the  troughs  on  the  radially-outward  portion  of  the  tube)  because  of 
heavy  accumulations  of  condensate  would  be  more  than  compensated 
for  by  the  higher  coefficients  prevaiiinq  on  the  rest  of  the  area. 
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4.4.1 .4  Condensation  Inside  Copper  and  Aluminum  Porous  Condensing 

Surface  Tubes  -  Tests  4  and  5 

The  first  porous  surface  test  specimen  was  prepared  with  a 
7-10  mil  thick  porous  layer  sintered  on  the  inside  of  the  copper  tubes. 

It  was  composed  of  3  25  mesh  copper  particles,  which  were  roughly 
spherical  in  shape.  The  porosity  of  the  resulting  surface  was  about 
40%.  The  second  porous  condensing  surface  specimen  was  physically 
identical  to  the  first  except  that  3003  aluminum  was  used  as  the  tube, 
manifold,  and  nozzle  material,  and  the  I.D.  of  the  tubes  was  0.305 
inches  instead  of  0.250  inches.  A  porous  surface  7-10  mil  thick, 
composed  of  270-400  mesh  aluminum  particles  was  sintered  onto  the 
inside  of  the  tubes . 

The  principle  of  the  porous  surface  was  that  the  condensate 
would  be  drawn  into  the  capillaries  of  the  porous  surface  by  surface 
tension  forces,  and  would  flow  to  the  "bottom"  of  the  tube  through  the 
capillaries  within  the  porous  structure  under  the  influence  of  the  high 
artificial  gravitational  forces.  "Bottom"  refers  to  radially  outward 
from  the  rotor  axis,  and  "top"  to  radially  inward  toward  the  rotor  axis. 

The  high  heat  transfer  resistance  of  the  condensate  would  thus  be 
effedtively  short  circuited  by  the  porous  layer,  which  would  have  a  high, 
equivalent  heat  transfer  coefficient  (about  100,  000  Btu/(ft.)^  (hr.)(®R). 
This  value  is  obtained  from  the  assumption  that  the  porous  surface  would 
completely  absorb  the  condensate  film  so  that  the  limitation  on  the  film 
coefficient  would  be  the  thermal  conductivity  of  the  metal  of  the  porous 
surface  Itself.  The  accumulated  condensate  would  drain  along  the  bottom 
of  the  tube,  parallel  to  the  tube  axis,  in  response  to  the  minor  component 
of  the  acceleration  in  that  direction.  This  is  shown  schematically  in 
Figure  47.  For  the  sake  of  convenience,  the  tube  section  shown  there 
is  taken  perpendicular  to  the  tube  axis,  and  the  actual  condensate 
radial  path  acted  upon  by  Ng  must  be  compensated  by  diminishing  the 
force  motivating  flow  in  the  capillaries  by  the  amount  cos  a  ®  .  Thus 
the  acceleration  acting  in  the  direction  perpendicular  to  the  tube  axis 
is  (Ng)  (cos  a®  ). 

The  two  necessary  conditions  for  adequate  functioning  of  the 
porous  surface,  referring  to  the  pressure  balances  shown  in  Figure  47, 
are  as  follows: 

Condition  1 
1 

P  °  Jv 

4  °  ^  L  q  Ng  cos  a  cos  (p, ,  (37) 

y  S  g^,  cos  e 
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This  was  derived  from  the  equation  for  the  height  of  rise  of  a 
fluid  in  a  capillary, 

4  j'.  cos  e 

“  g  8*  -  '^v)  (Ref.  23) 

Here  the  height  y®  is  the  heightof  rise  of  the  liquid,  e  is  the 
contact  angle  between  fluid  and  porous  surface  wall  and  8  °  is  the 
capillary  diameter. 

In  order  for  the  fluid  to  be  retained  in  the  porous  surface,  y® 
must  be  greater  than  or  equal  to  y,  the  thickness  of  the  porous  surface. 
That  is:  the  capillary  rise,  radially,  must  equal  or  exceed  the  thickness 
of  the  porous  surface.  Thus; 

1 

g  4  o  cos  e 
g  8  <■  ^ 


.  Assuming  that  (  «>  and  incorporating  Ng  cosc  ® 

cos  <|)|,  to  get  the  component  of  the  acceleration  field  in  the  direction 
perpendicular  to  the  porous  surface, 


4  g^ 

g  Ng  cos  a 


a  • 


u  8  ® 
cos  tp, 


cos  ^ 
P 

■  L 


s  y 


or 


4  g ' 

8®  .. 
y 


Pt.  g  Ng  cos  o:  °  cos 

g  cos  e 
c 
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Condition  2 . 

p,  g  Ng  128  T®  V,  n'  ^ 

— — -  cos  a®  sin  (1),  >  - -r—  (38) 

This  condition  expresses  the  fact  that  the  force  motivating  fluid 
drainage  through  the  capillaries  of  the  porous  surface  must  be  greater 
than  the  retarding  resistance  to  flow.  In  other  words,  the  hydrostatic 
head  of  liquid  drainage  must  be  greater  than  the  frictional  pressure 
drop. 


The  frictional  pressure  drop  for  the  porous  surface  capillaries 
can  be  derived  from  the  Hagen- Poiseuille  equation  as  follows: 


=  32  L®  V, 


(  6®)^ 

The  frictional  pressure  drop  per  unit  length  of  capillary  is: 
32  V  u\ 


AP 

L® 


(6®) 


multiplying  by  A/a  (A  =  area) 

32  VA 


AP 

L® 


g  (6®)^  A 
c 


calling  V  A  the  volumetric  flow  rate  V,  in  one  capillary  and  substituting 

2 

-  for  A 


JLi&lI 


AP 

L® 


33  V. 


g,  (6“)^ 

[n  (6®)^  1 

4 

128  V,  u'l 
It  g^  (&®)'^ 
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Since  the  porous  surface  is  not  an  ideal  capillary,  a  dimensionless 
quantity  called  the  tortuosity  factor  (T®)  must  be  inserted  to  account  for  the 
increase  in  pressure  drop  due  to  the  irregularity  of  the  flow  path.  (Ref.  24) 

^  p  128  T'’  V, 

^  (6“)^ 

Thus  in  order  that  the  condensate  drains  through  the  capillaries  at 
a  sufficient  rate  to  prevent  flooding 


g  Ng 


cos  a 


128  T®  Vj 
It  g^  (B°)^ 


The  condensate  flow  rate,  Vj,  may  be  calculated  from  the  heat 
flux  Q/ and  pore  density  at  the  point  on  the  circumference  of  the 
tube  indicated  by  cj)  in  Figure  47 . 


(Q/A  )  r. 
c  t 


^  pl^  °p 


=  Vt 


The  two  necessary  conditions  were  calculated  to  be  satisfied 
within  the  range  of  the  proposed  heat  flux  and  gravitational  field  variations 
at  nearly  all  points  on  the  tube  circumference  if  325  mesh  copper  particles 
were  used  to  form  a  porous  coating  3  mil  thick.  The  small  fraction  of 
the  area  where  cos  c|),  is  small  (near  the  top  of  the  tube)  would  obviously 
require  Infinite  coating  thickness,  since  there  is  no  acceleration  component 
to  promote  flow  at  that  point,  but  this  can  be  neglected.  A  somewhat 
thicker  coating  was  applied  to  provide  a  reasonable  safety  factor. 

4.4. 1.5  Condensation  Inside  Tubes  with  Non-wetted  Surface  -  Test  6 


A  non-wRttlng  surface  or  one  where  the  angle  e,  previously  defined 
is  greater  than  90°,  was  desired  to  promote  dropwise  condensation.  The 
Incentive  was  that  it  might  offer  a  means  of  getting  high  condensing  heat 
transfer  coefficients  at  relatively  low  Ng  values.  This,  coupled  with  the 
Linde  boiling  surface  whose  performance  is  little  affected  by  Ng  values 
up  to  at  least  several  hundred,  offered  the  possibility  of  a  high  performance 
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reboiler-condenser  at  low  Ng.  Furthermore,  the  realization  of  dropwise 
condensation  would  be  highly  advantageous  due  to  the  small  weight 
penalty  it  would  incur  compared  to  other  methods.-  The  advantages  are 
obvious .  The  probability  of  finding  a  surface  with  low  enough  surface 
energy  to  promote  dropwise  condensation  of  nitrogen  (surface  tension 
of  7  dynes/cm)  was  expected  to  be  low. 

A  review  of  the  literature  Indicated  that  dropwise  condensation 
could  be  Induced  for  fluids  other  than  water  by  the  use  of  a  coating  of 
a  low  surface  energy  material  such  as  Teflon.  Bobco  (Ref.  25)  reported 
dropwise  condensation  of  iso-octane  (a  =50.81  dynes/cm),  carbon 
disulfide,  (  o  =  40.3  dynes/cm),  and.ethanol  (a  =17.67  dynes/cm). 
Topper  and  Baer  (Ref.  26)  observed  dropwise  condensation  of  ethylene 
glycol  (  0  =37.8  dynes/cm),  nitrobenzene  (  c  =33.3  dynes/cm), 
and  aniline  (o  =32.5  dynes/cm).  They  found  fllmwlse  condensation 
with  benzene  (a  =21.3  dynes/cm),  however.  No  reference  was  found 
citing  dropwise  condensation  with  such  a  variety  of  vapors  for  any 
material  other  than  Teflon.  For  this  reason,  the  sixth  specimen  was 
coated  with  a  5,000  Angstrom  (app.  .02  mil)  thick  Teflon  film.  It  was 
prepared  by  diluting  DuPont  Teflon  primer  liquid  5  to  1  by  weight  with 
distilled  water.  This  suspension  was  filtered  and  poured  into  the  tubes 
to  be  coated.  When  thorough  wetting  had  been  accomplished,  the  tube 
was  drained  and  air  dried.  The  Teflon  was  fused  by  heating  to  600®F, 
leaving  a  thin,  clear  film  of  obvious  non-wetting  characteristics  when 
tested  with  water. 

The  thickness  of  the  Teflon  coating  was  determined  by  treating  a 
pieced  aluminum  foil  in  the  same  manner  that  the  tubes  were  coated. 

The  thickness  of  the  film  was  calculated  from  the  Increase  in  weight  of 
the  foil.  The  thickness  of  the  Teflon  on  the  tube  was  assumed  to  be 
the  same  as  the  thickness  of  the  film  on  the  foil.  The  determination  of 
the  thickness  of  the  Teflon  on  the  foil  was  reliable,  since  the  increase 
in  weight  due  to  coating  was  a  good  percentage  of  the  weight  of  the 
foil.  The  coating  was  3  to  5  mil  thick.  A  control  sample  showed  that 
the  Increase  in  weight  could  not  be  caused  only  by  oxidation  at  the 
600°F.  temperature. 

4.4. 1.6  Bolling  On  An  Untreated  Aluminum  Surface  -  Test  7 

This  test  was  made  to  verify  the  advantage  of  the  special  boiling 
surface,  over  an  untreated  boiling  surface,  for  the  heat  fluxes  and 
gravitational  fields  of  interest. 
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A  disk  shaped  test  piece  (Fig.  48)  was  used  for  the  boiling  test. 
It  was  made  of  3003  aluminum  and  care  was  taken  to  preserve  the  "mill 
finish"  on  the  boiling  face.  This  was  done  by  mounting  the  disk  in  a 
protective  holder  during  the  machining  operations.  Resistance  wire  was 
wound  in  the  grooves  in  the  base  of  the  piece  to  form  a  heater  element. 
Two  crisscrossed  layers  (imbedded  in  a  high  thermal  conductivity  cera¬ 
mic  cement)  were  required  so  that  adequate  heat  fluxes  could  be  reached 
without  danger  of  overheating  the  wire.  Two  copper-constantan  thermo¬ 
couples  were  installed  in  1/32  inch  diameter  holes  about  1/16  inch  (the 
exact  distances  were  known)  under  the  boiling  surface.  One  inch  of 
immersion  of  the  leads  in  the  holes  was  deemed  sufficient  to  prevent 
heat  leak  along  the  thermocouple  leads  from  influencing  the  Junction 
temperature.  One  thermocouple  hot  junction  was  near  the  edge  of  the 
piece  and  the  other  near  the  axis.  The  cold  junctions  were  in  the  boiling 
pool  near  the  pressure  tap.  The  overall  boiling  side  AT  was  directly 
determined  by  correcting  the  measured  AT  for  the  conduction  drop 
through  the  metal.  The  heat  input  to  the  heater  was  measured  with  a 
watt  meter.  The  heat  flux  versus  AT  curve  for  the  test  piece  was  thus 
readily  determined.  The  pressure  tap  was  required  to  establish  the 
absolute  pressure  at  a  known  point  in  the  pool.  The  voltage  gradient 
of  the  copper-constantan  differential  thermocouple,  dE/dT  emf/degree 
was  a  function  of  temperature,  so  that  it  was  necessary  to  know  the 
temperature  in  the  pool  toreduce  the  data  accurately.  Measurement  of 
a  hydrostatic  head  of  liquid  at  this  point  also  insured  that  the  test 
surface  was  adequately  covered  with  liquid. 

The  test  piece  was  cemented  into  the  flange  with  epoxy  resin. 
The  resin  bonded  tightly  to  the  micarta  flange  and  the  aluminum,  and 
prevented  liquid  from  boiling  on  the  sides  of  the  disc.  The  heat  flux 
lines  in  the  piece  were  thereby  kept  straight  and  parallel. 

4.4.2  High-G  Cryostat  Apparatus 

The  centrifuge  used  to  produce  the  rotary  motion  was  similar 
to  that  used  by  Merte  and  Clark  (Ref  .  27) .  Figure  49  is  a  photograph  of 
the  cryostat;  Figure  50  shows  the  apparatus  in  a  schematic  diagram. 

The  test  piece  was  mounted  in  the  cryostat  at  one  end  of  the  rotating 
arm.  A  counterweight  at  the  opposite  end  of  the  arm  was  used  to  balance 
the  rotor.  The  cryostat  and  counterweight  were  swivel  mounted,  and 
assumed  a  position  compatible  with  the  resultant  of  the  artificial 
accelerational  field  and  the  earth's  gravitational  field.  The  lowest 
acceleration  attainable  was  20  Ng  and  the  maximum  was  about  400  Ng. 
Both  values  were  for  locations  at  the  test  piece  radius,  which  was 
about  18  inches . 
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The  rotor  was  driven  by  an  electric  motor,  coupled  to  a  variable 
speed  drive.  Adjustment  of  the  RPM  at  the  Instrument  panel  was  made 
possible  by  an  extension  of  the  adjusting  shaft  on  the  variable  speed 
drive.  The  adjustment  mechanism  was  calibrated,  using  a  strobotac, 
in  terms  of  the  gravitational  field  produced  at  the  test  piece  radius,  so 
that  the  desired  value  of  the  gravitational  field  could  be  set  exactly  for 
each  run. 

The  liquid  which  was  ultimately  boiled  was  supplied  to  the  cryo¬ 
stat  from  a  stationary  tank  through  vacuum  insulated  lines,  and  entered 
the  cryostat  through  rotating  seals .  An  air  activated  valve  controlled 
from  the  Instrument  panel  admitted  the  liquid  from  the  tank  to  a  separator. 
Vapor  flashoff  due  to  throttling  and  vapor  generated  by  heat  leak  were 
vented  from  the  separator  via  the  surge  tank  and  a  second  valve,  located 
on  the  surge  tank.  This  valve  was  also  controlled  from  the  panel,  and 
was  used  to  adjust  the  system  pressure  at  this  point.  The  liquid  flowed 
from  the  separator  into  a  flow  cup  which  was  a  multiple  orifice  type  meter 
for  measuring  liquid  flow.  No  flashoff  occurred  in  the  orifices  since  the 
liquid  entering  was  slightly  subcooled  and  the  pressure  drop  was  very 
small.  (Generally,  It  was  less  than  4  psi.) 

The  amount  of  liquid  entering  the  cryostat  was  adjusted  in 
response  to  the  anticipated  need  through  the  combined  operation  of  the 
two  valves.  Waste  due  to  overflow  was  thereby  minimized.  Vapor  was 
prevented  from  entering  the  apparatus  by  having  a  six-foot  U-shaped 
liquid  trap  in  the  supply  line.  The  presence  of  a  liquid  seal,  as  indicated 
by  a  manometer,  showed  that  no  vapor  was  being  passed. 

Separate  systems  were  used  to  convey  the  transducer  and  thermo¬ 
couple  emf's  from  the  rotor  to  the  stationary  frame.  Copper  slip  rings 
were  used  for  the  transducer  Inputs  and  outputs.  In  these  Instances,  the 
emf's  in  question  were  much  larger  than  the  electrical  background  noise 
associated  with  slip  rings,  or  any  thermal  emf's  which  might  have  arisen 
atthe  contacts  or  Junction  blocks.  Transducer  excitation  was  about 
5  volts,  and  typical  signals  were  greater  than  1  millivolts.  Unwanted 
emf's  were  probably  less  than  50  microvolts.  Hence,  there  was  no 
significant  loss  of  accuracy  when  slip  rings  were  used  in  these  circuits. 
Conversely,  the  emf  of  the  differential  thermocouples  v^ras  in  the  micro¬ 
volt  range.  Evidently,  a  high  precision  device  was  needed  here.  This 
condition  was  satisfied  by  a  pair  of  mercury-kerosene  baths,  a  sketch 
of  which  is  shown  in  Figure  51.  In  these  baths,  platinum  knife  edges 
rotated  in  separate  mercury  channels  and  constituted  the  method  whereby 
the  transition  was  made  from  a  rotating  to  a  stationary  frame  of  reference. 
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Both  the  knife  edges  and  their  corresponding  pickups  in  the  bottom  of 
the  channels  were  platinum  since  other  materials  were  adversely  affected 
by  mercury.  The  purpose  of  the  kerosene  baths  was  to  neutralize  the 
effect  of  the  Intermediate  metal  (platinum)  in  the  copper  circuit.  In  a 
given  thermocouple  circuit,  where  there  are  two  wires,  four  copper  to 
platinum  junctions  exist.  By  locating  each  of  these  junctions  in  the 
kerosene  bath.  Isothermal  conditions  were  insured  between  junctions 
and  net  stray  emf's  (generated  by  each  junction  acting  as  a  thermocouple) 
were  prevented,  A  Lead's  Northrup  K-3  potentiometer  and  an  electronic 
galvanometer  were  used  to  take  all  pressure  transducer  and  thermocouple 
data.  This  system  is  accurate  to  i  0.5  microvolts.  Electronic  recorders 
were  used  to  follow  the  transducer  outputs  when  the  system  was  operating 
but  data  was  not  being  taken.  These  were  less  sensitive  but  more  suitable 
for  this  purpose . 

The  cryostat  itself  consisted  of  two  sections  which  bolted  together 
and  formed  two  Isolated  chambers  separated  by  the  micarta  flange.  The 
lower  or  radially  outward  chamber  was  double  walled  and  vacuum  insulated. 

It  enclosed  the  condensing  side  of  the  test  heat  exchanger  and  was  charged 
with  liquid  nitrogen  which  could  be  continuously  boiled  up  by  an  electrical 
heater.  The  vapor  condensed  on  the  condensing  surface  of  the  heat  ex¬ 
changer,  This  chamber  was  protected  by  a  safety  valve  set  at  100  psi, 
although  the  chamber  could  stand  400  psi  if  desired.  Several  l/8  inch 
lines  of  stainless  steel  tubing  led  into  the  chamber.  They  served  as 
pressure  transducer  taps,  connections  for  liquid  charging,  and  vapor 
vent- off  lines  during  charging  or  at  the  completion  of  a  run. 

The  upper,  or  radially  Inward,  portion  of  the  cryostat  which  always 
remained  connected  to  the  rotating  arm  was  not  insulated  and  was  open  to 
the  atmosphere .  During  operation  it  was  constantly  supplied  with  liquid  from 
the  liquid  storage  tank  to  make  up  for  the  boiloff  and  overflow. 

Micarta  had  several  desirable  characteristics  which  warranted 
its  choice  as  the  material  for  the  flange  which  separated  the  two  chambers 
and  which  also  served  as  the  base  for  holding  the  test  specimen.  It  had 
low  thermal  conductivity,  thus  preventing  heat  transfer  between  the  two 
sections  of  the  cryostat,  and  it  had  high  strength  (and  no  brittleness) 
over  the  entire  temperature  range.  (Micarta  is  a  laminate  of  glass  cloth 
with  an  epoxy  binder.)  It  was  quite  machineable  although  precautions 
had  to  be  taken  against  the  silicate  dust  and  could  be  shaped  Into  parts 
which  mated  well  with  other  smooth  surfaces  to  give  leak  tight  seals.  A 
different  flange  was  used  for  each  of  the  three  basic  test  specimen  designs, 
condensing  inside  tubes,  condensing  outside  tubes,  and  boiling. 
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4.4.3  High-G  Cryostat  Specimen 
4. 4. 3.1  Specimen  Size 

Seven  individual  test  specimens  were  required  to  obtain  the 
needed  data .  Their  design  evolved  mainly  from  considerations  of 
the  characteristics  and  limitations  of  the  cryostat.  The  cryostat 
Itself  did  not  permit  the  use  of  a  very  large  specimen.  However, 
in  order  to  minimize  errors,  it  was  desirable  to  provide  as  much  heat 
transfer  area  as  possible,  so  that  the  electrical  heat  input  could 
be  much  larger  than  the  heat  leak.  This  made  it  necessary  to  have 
at  least  4  tubes,  approximately  3  inches  long,  0,375  Inches  O.D., 
and  0.250  Inches  I.D.  Additional  tubes  would  disproportionately 
increase  the  fabrication  costs  due  to  crowding  of  the  tubes. 

The  inner  diameter  of  the  tubes  (0,250  Inches)  was  chosen 
as  follows.  Condensation  theory  predicts  higher  coefficients  as 
the  tube  diameters  decrease.  The  limit  to  which  this  could  be 
carried  was  governed  by  the  fact  that  the  percent  of  the  tube  area 
made  inoperative  for  heat  transfer  by  accumulated  condensate  rose  sharply 
as  the  diameter  was  decreased.  A  0.250  inch  diameter  best 
satisfied  these  conflicting  considerations. 

4 . 4 . 3 . 2  Specimen  Orientation 

Figure  43  shows  that  the  inclination  of  the  tubes  for  the 
condensing  tests  could  not  be  very  large.  It  was  necessary  to 
have  some  slope,  however,  so  that  the  condensate  would  drain  from 
the  tubes,  and  not  cover  too  much  of  the  heat  tranfer  area.  It  was 
found  that  a  slope  of  5°  from  the  normal  to  the  gravitational  field 
would  be  satisfactory,  using  the  Chezy  formula  for  flow  in  partially 
filled  channel  (See  Appendix  VI),  The  process  whereby  heat  transfer 
area  was  made  inoperative  by  a  layer  of  accumulated  condensate  may 
be  referred  to  as  blanketing.  A  plot  of  the  average  percent  of  the 
area  blanketed  as  a  function  of  the  controlling  parameter  (Ng)/(Q/Ac)^ 
is  shown  in  Figure  52.  The  worst  condition  was  at  high  heat  flux  and 
low  Ng,  where  13,4%  of  the  area  war,  blanketed  at  a  heat  flux  of 
36,  000  Btu/ (ft . ) 2 (hr . )  and  an  acceleration  of  80  Ng.  It  was  arbi¬ 
trarily  decided  to  orient  the  test  piece  in  the  cryostat  in  such  a  direc¬ 
tion  that  the  earth's  gravitational  field  aided  in  the  drainage  of  the 
condensate.  That  is,  the  tubes  were  perpendicular  rather  than  parallel 
to  the  plane  of  rotation  of  the  rotor.  The  procedure  for  calculation  of 
the  average  blanketing  angle  is  presented  in  section  4.4.5. 
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4. 4. 3. 3  Specimen  Materials  of  Construction 

The  heat  transfer  tubes  in  condensing  tests  1,  2,  3,  4,  and 
6  were  made  of  copper.  The  use  of  the  special  boiling  surface  re¬ 
duced  the  AT  on  the  boiling  side  to  less  than  l/lO  of  the  overall 
AT.  Utilization  of  copper  for  the  tubes  reduced  the  AT  through  the 
wall  to  tolerable  levels,  because  of  its  high  thermal  conductivity. 

This  avoided  the  undesirable  situation  of  subtracting  large  AT's  to 
get  a  relatively  small  condensing  side  AT  during  reduction  of  the 
data.  The  particular  type  of  copper  used  for  a  specimen  depended 
on  availability  and  time.  Whenever  possible,  OFHC  copper  was 
used  because  it  is  easily  welded  to  stainless  steel,  the  manifold 
material,  and  has  a  high  thermal  conductivity.  It  was  sometimes 
necessary  to  use  phosphorous  deoxidized  copper,  however,  which 
has  a  lower  thermal  conductivity,  but  is  equally  weldable. 

The  remainder  of  each  test  specimen  was  made  of  304 
stainless  steel  because  of  strength  considerations.  If  copper  had 
been  used  throughout,  it  would  have  had  to  be  excessively  thick 
to  prevent  deformation.  No  special  difficulties  were  encountered  in 
Hellarc  welding  copper  to  stainless  steel.  The  welding  was  done 
in  a  dry  box  filled  with  N2  gas  to  prevent  degradation  of  the  copper 
tube  surface  by  oxidation. 

The  fifth  and  seventh  test  specimens  (condensing  on  a  porous 
aluminum  surface,  and  boiling  on  an  untreated  aluminum  surface) 

■  were  both  made  of  3003  aluminum.  Special  care  was  taken  to  preserve 
the  boiling  surface  "mill  finish"  on  the  boiling  specimen  since 
the  boiling  curve  is  influenced  by  surface  conditions  (l.e.,  the 
lack  or  presence  of  pits,  scratches,  grooves,  etc.).  3003  alloy 
was  required  for  the  fifth  specimen,  since  the  technique  for  applying 
a  porous  aluminum  surface  had  not  been  successful  on  other  alloys. 

4. 4. 3. 4  Specimen  Design  Details 

All  the  condensation  test  specimens  had  a  bellows  between 
the  two  lines  passing  through  the  micarta  flange.  Its  purpose  was  to 
allow  for  contraction  of  the  test  piece  on  cooling  to  cryogenic  tempera¬ 
tures.  The  micarta  contrucleu  much,  less  Lhan  either  copper  or 
aluminum,  and  severe  stresses  would  have  resulted  if  no  bellows  were 
used.  These  stresses  could  potentially  be  sufficient  to  break  the  welds 
at  the  tube  to  manifold  connections . 
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Pressure  drop  calculations  showed  that  there  was  negligible  pressure 
drop  through  the  tubes  in  specimens  1  through  5.  Also,  the  vapor  velocity 
was  so  low  that  it  could  not  influence  the  drainage  of  condensate  or  the 
condensate  film. 

All  the  outside  area  of  the  heat  exchangers  except  the  tube  area 
was  Insulated  with  a  1/4  inch  thick  layer  of  foamed-ln-place  polyurethane 
foam.  This  prevented  heat  transfer  in  unwanted  areas  by  introducing  a 
large  heat  transfer  resistance. 

4.4.4  High  G  Cryostat  Test  Fluid 

Liquid  nitrogen  was  used  on  both  the  boiling  and  condensing  sides 
of  the  test  heat  exchangers.  Nitrogen  was  chosen  for  the  condensing 
fluid  because  it  will  be  the  fluid  condensed  in  the  cryogenic  boilerplate 
unit.  The  use  of  liquid  nitrogen  instead  of  liquid  oxygen  on  the  boiling 
side  eliminated  the  safety  hazard  due  to  fire  or  explosion.  The  pressure 
on  the  condensing  side  required  to  give  a  certain  AT  was  also  much 
lower  when  nitrogen  was  used  on  the  boiling  side,  Nitrogen  has  to  be 
brought  to  a  pressure  of  38  pslg  Just  to  reach  the  normal  boiling  point  of 
liquid  oxygen.  This  pressure  would  reach  100  psig  when  heat  was  being 
transferred.  With  nitrogen  to  nitrogen  heat  exchange,  condensing  pressures 
rarely  exceeded  50  pslg. 

The  boiling  coefficients  for  liquid  nitrogen  and  liquid  oxygen  on  the 
special  boiling  surface  were  similar,  so  that  in  no  sense  could  the  sub¬ 
stitution  of  nitrogen  for  oxygen  have  influenced  the  test  results,  particu¬ 
larly  since  the  appropriate  boiling  side  AT  was  always  subtracted  from  the 
overall  AT  in  determining  the  condensing  side  AT.  The  use  of  liquid 
nitrogen  boiling  data  was  therefore  deemed  acceptable. 

4.4.5  High  G  Cryostat  Data  Reduction 

4. 4. 5.1  Condensation  Data  Reduction 

4. 4. 5. 1.1  Calculation  of  Theoretical  Condensing  Coefficient 

The  first  task  is  calculation  of  per  cent  blanketing  of  tube  area 
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(■^  cos  f  ) 
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(39) 


Thus,  Ng/[(Q/Ac)^]  ^  is  a  parameter  controlling  cj)  for  a  given 
value  of  X . 

The  average  value  of  (|>  as  a  function  of  x  is  given  by  the 
following; 


was  evaluated  and  tabulated  for  a  series  of  values  of  the  parameter, 

Ng/t  (Q/Ac)^]  ^ .  Graphical  integration  was  used  (Ref.  23)  since  f  (  (|) ) 
cannot  be  solved  analytically  for  (p  .  The  calculated  values  are  given 
below,  with  (j)  converted  to  per  cent  of  area  blanketed. 


N^(Q/Ac)^ 

(Ft.l^  (Hr.)^/Btu^ 
77.2  X  lO"^ 
7.72  X  lO"^ 
0.772  X  lO"^ 


yD  'lo"’ 

%  Blanketed  Area 
7.4% 
9.7% 
13.1% 


Figure  52  is  a  plot  of  this  relationship. 

Strictly,  this  plot  pertains  only  to  those  specimens  whose 
tubes  have  an  0.250  inch  inside  diameter.  However,  little  error 
will  be  incurred  if  these  values  are  used  for  the  fifth  test  specimen 
(condensation  on  a  porous  aluminum  surface)  which  had  an  inside 
diameter  of  0.305  Inches. 

63  ASRP-2391 


123 


CONFIDENTIAL 


I 


ASD-TDR-63-665,  Part  1 

Hassan  and  Jacob  (Ref.  19)  showed  that  the  average  condensing 
film  coefficient  at  any  location  along  a  round,  smooth-wall  tube,  except 
In  a  very  short  entrance  region,  Is; 


^’^o^  THEO  ~  ^o 


3  2 

^  ’^L  ,  V  ,  °  ■*  r  .  „  -1/4 

'  - r~ )  (9)  (cos  a)  •  [  ^  T^] 


11/4 


LX  3  '  ■  J 


Since  this  is  modified  by  the  artificial  gravitational  field,  multiply 
it  by  (Ng)^'^^.  Thus,  since  Q/Ac  =  : 


,  .  _  4/3  Vk/  Pt\  \ 

^VtHEO  "  ^o  i(-;r' - (Ng)  (g)  (cos  a) 


LV  '^L  ‘‘t 


1/3 


[Q/Ac] 


.  C  is  a  function  of  the  portion  of  the  circumference  of  the  tube 
0 

on  which  condensation  is  occurring.  For  the  entire  circumference, 

C  -  0.8047.  C  arises  from  an  Integration  of  the  film  thickness 
o  o 

around  the  active  (or  unblanketed)  circumference  of  the  tube  to  get  the 
average  film  thickness  (and  hence,  condensing  coefficient).  Thus, 
the  general  equation  for  the  average  condensing  coefficient  Inside 
a  tube  with  an  average  blanketing  angle  (j)  which  has  been 

previously  defined  is  shown  on  the  following  page. 
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4/3  V  0  L  X  0  -1/3 

»-=>  IHEO  ■  =0  ‘  <3-^  (N’X")  '='■=  1  t  O/A^l 

L  t 


[  1 


(40) 


where  Cq  is  consistent  with  $  .  The  resulting  equatiot^  for  Njj  at 
1  atmosphere,  corresponding  to  test  specimens  1,  3,  4,  and  6,  is 
plotted  on  Figure  54.  Figure  55  is  for  specimen  5,  which  has  an 
I.D.  of  0.305  inches  instead  of  0.250  inches. 


A  similar  set  of  curves  was  calculated  for  specimen  2, 
where  condensation  occurs  outside  the  tubes.  In  this  case,  how¬ 
ever,  there  was  no  blanketing,  and  the  constant  Cq  was  determined 
for  the  entire  circumference.  These  curves  are  shown  in  Figure  5  6. 
The  condensing  coefficients  on  Figure  54,  55,  and  56  can  be  con¬ 
verted  to  pressures  other  than  atmospheric  by  multiplying  by  the 
factors  on  Figure  57,  which  are  defined  as; 


2 

L 


L 


1/3 

P=  1  atm. 


(41) 


This  enables  the  theoretical  coefficient  and  experimental  co¬ 
efficient  to  be  compared  at  the  same  pressure,  P  .  In  most  cases, 
the  experimental  condensing  coefficients  were  corrected  to  the 
values  they  would  have  at  1  atmosphere  by  the  above  process. 


4. 4. 5. 1.2  Calculation  of  Experimental  Condensing  Coefficients 

The  equation  for  the  experimental  average  condensing 
coefficient  at  pressure  P  is: 

.  (^ELECTRICAL  +  QHEAT  LEAK)  (3.41)  (3.41)  (SQ),  >2  wonx 

^‘'c^EXP  =  (A^)  ( A  T^)  “  (A^)  (A  T  J  ^  ^ 
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with  Q  in  watts.  For  those  tests  (I,  3,  4,  5,  and  6)  where  the  overall 
AT  (AT  )  was  determined  by  pressure  transducer  measurements  of  the 
boiling®  and  condensing  pressures,  with  appropriate  corrections  for 
barometric  pressure,  hydrostatic  head  of  vapor  in  transducer  lines,  and 
hydrostatic  head  of  boiling  liquid  between  the  pressure  tap  location, 
and  the  average  height  of  the  tubes. 

ATv^  was  taken  from  a  plot  of  experimentally  determined  Q/Aj^ 
versus  ATu  curve  for  the  special  boiling  surface  at  the  Q/Aj^  corresponding 
to  (£Q)  (3741) Ajj.  This  plot  was'obtalned  from  work  under  Contract  No. 

AF  33(616)-7646  previously  discussed  In  Section  4.4.1.  AT^^^  was  calcu¬ 
lated  from  the  equation  for  conductive  heat  transfer. 


In  test  2,  a  thermocouple  measured  ATj,  directly.  Thus, 
can  be  directly  computed  If  QfjpAm  Trav  known.  Since  accurate 
values  of  Q  were  unavailable,  It  was  necessary  to 

assume  a  ^^^heat  leak.  The  test  of  a  proper  assumption  was  that 


the  values  of 


(h  )  /  (h  @  1 

^  c'EXP  '  c  THEO 


calculated  for  the  points  with  electrical  heat  Input  and  without  electrical 
heat  input  would  follow  a  consistent  pattern,  when  plotted  as  a  function 
of  (Q/A^) . 

Data  with  zero  electrical  heat  Input  was  available  from  tests  1,  2, 
3,  and  6  for  condensation  on  tubes  with  a  non-porous  condensing  surface. 
In  the  runs  with  electrical  heat  Input  the  function 


^^c^EXP 

^‘'c^THEO 


@  1  atm  vs . 


^ELECTRICAL  +^HEAT  LEAK 


(A,) 


was  considered  where  ^^c^EXP^^'^c^THEO 

unknown.  A  heat  leak  value  was  assumed  and  (h^)£xp/  (^THEO-T^/ 
lated  for  data  In  tests  1,2,3  and  6,  as  a  function  of  jQ/A^) . 

(^c^EXP  '  ^‘^c^THEO  ®  W  LEAk/'^c 

Closeness  of  fit  of  the  zero  electrical  Input  film  coefficient  ratio  with  the 
coefficient  ratio  for  points  with  electrical  heat  input  was  the  criteria  of 
acceptance  of  the  heat  leak  value  assumed  for  each  test  series.  If 
excessive  deviations  existed  for  most  of  the  points,  a  new  heat  leak 
value  was  assumed  and  the  procedure  repeated. 
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Thus,  the  correct  smooth,  continuous  correlation  curve  evolved, 
as  typified  by  Figure  58  (Test  1) .  The  heat  leaks  determined  by  this 
method  were  always  within  the  range  which  would  be  expected  by 
calculating  the  conductive  and  convective  heat  transfer  into  the  cryo¬ 
stat  by  conventional  means  and  are  only  significant  in  regions  of  low 
heat  flux.  They  varied  because  they  were  functions  of  two  uncontrolled 
parameters  -  the  liquid  level  in  the  condensing  chamber  and  the  amount 
of  frost  on  the  outside  of  the  cryostat. 

4. 4. 5. 2  Bolling  Data  Reduction 

The  reduction  of  the  boiling  side  data  for  Test  7  was  straight¬ 
forward.  The  electrical  heat  input  was  converted  to  heat  flux.  No 
heat  leak  was  assumed  because  heat  transfer  through  the  micarta 
flange  is  negligible.  The  boiling  side  AT  was  found  by  subtracting 
the  wall  AT  from  the  overall  AT  as  measured  by  the  thermocouples.  No 
analytical  equation  for  predicting  boiling  performance  has  yet  been 
advanced  that  is  adequate  for  comparison  purposes.  The  effect  of  surface 
conditions,  which  can  drastically  alter  the  heat  flux  versus  AT  curve, 
seems  to  be  the  most  difficult  aspect  to  resolve.  For  this  reason,  the 
experimental  data  was  compared  only  with  other  experimental  results. 

4.4.6  High  G  Cryostat  Results  and  Conclusions 

4. 4.  6.1  Condensation  Inside  of  Smooth  Tubes  -  Test  1 

The  experimental  heat  transfer  coefficients  were  identical  with 
the  theoretical  coefficients  at  low  heat  fluxes  (5,000  -  10,000Btu/ 
(ft.)^(hr.)  at  all  gravitational  levels.  The  experimental  coefficients 
were  better  than  the  predicted  coefficients  at  heat  fluxes  above 
10,000  Btu/(ft.)*  (hr.),  t  (^c^exp^^^c^THEO^  ®  ^  ®  value 

of  1 . 26  at  a  heat  flux  of  50,000  Btu/ (ft.)*  (hr.) .  This  was  attributed  to 
rippling  of  the  condensate  film,  which  resulted  in  a  lower  average  film 
thickness  for  a  given  condensate  flow  rate  than  laminar  film  flow  theory 
would  predict.  This  caused  the  condensing  coefficient  to  Increase 
above  the  predicted  value.  These  results  are  shown  in  Figure  58  and 
Table  6. 

4. 4.  6.2  Condensation  Outside  of  Smooth  Tubes  -  Test  2 

The  results  for  this  test  specimen  are  presented  in  Figure  59  and 
Table  7.  [  (h  )c.vn/  @  1  Qtm  .  approached  1.0  (within  the 

C  tiAr  C  intiU 
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COnJOEMSATIOU  IMSIOe  .^SO*  ».  D.  SMOOTH  TUBES  IWCLIMED 
S®  P«OM  MORMAL  to  aRAVlTATIONJAL  FIELD 
PRESSURE  a  I ATMOSPLERS 
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TABLE  7 

CONDENSATION  OUTSIDE  SMOOTH  TUBES  -  TEST  2 
(Basis:  Outside  Area) 

Pressure  «  I  Atmosphere 


No 

(h.)  EXP@139.3*R 
Btu/(ft)2(hr)*R 

(hg)  THEO@139.3*R 
Btu/(ftl2(hr)*R 

(h  )  EXP 
(hj)  THEO 
Dimensionless 

1 

1 

5,001 

903 

60S 

1.493 

2 

1 

9,435 

694 

488 

1.832 

3 

1 

14,756 

833 

435 

1.91S 

4 

80 

8,087 

2527 

2225 

1.136 

5 

80 

12,521 

2504 

1938 

1.292 

6 

80 

21,388 

2718 

1620 

1.678 

7 

80 

8,087 

2216 

222$ 

.996 

8 

80 

12,521 

2417 

1938 

1.247 

9 

80 

21,388 

242$ 

1620 

1.497 

10 

80 

24,935 

2216 

1525 

1.453 

11 

80 

6,087 

2808 

2225 

1.262 

12 

80 

12,521 

3115 

1938 

1.607 

13 

80 

21,388 

2966 

1620 

1.831 

14 

80 

26,709 

2820 

1490 

1.893 

15 

150 

9,896 

3152 

2558 

1.232 

16 

150 

14,330 

3574 

2255 

1.585 

17 

ISO 

23,197 

3467 

1915 

1.810 

18 

iSO 

9,896 

3693 

2558 

1.444 

19 

150 

14,330 

3926 

1915 

1.741 

20 

150 

23,197 

3899 

1200 

2.036 

21 

150 

28,518 

3849 

1780 

2.162 

22 

230 

11,776 

2872 

2790 

1.029 

23 

230 

16,210 

3832 

2505 

1.530 

24 

230 

25,077 

3918 

2140 

1.831 

2$ 

230 

30,398 

3969 

2030 

1.95S 

AVCRAOC  VALUES  OF  RUNS  AT  ZERO  ELECIRICAL  HEAI.1NPUT 

1 

566 

1155 

1260 

.918 

80 

3,653 

2255 

2810 

.802 

150 

5,462 

3034 

3060 

.992 

230 

7,342 

2891 

3192 

.906 

325 

5,179 

3923 

3996 

.982 

135 
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limits  of  experimental  error)  at  low  heat  fluxes,  and  reached  a  value  of 
2.0  at  a  heat  flux  of  30,000  Btu/(ft)2(hr) .  The  reason  for  this  more 
radical  departure  from  theoretical  performance  is  not  known  although 
it  may  be  attributed  to  the  increased  tendency  for  condensate  rippling 
when  the  condensate  is  not  confined,  as  in  a  tube.  This  was  the  only 
condensing  specimen  whose  performance  was  measured  directly  with  a 
thermocouple.  (The  hot  junction  was  soldered  to  the  bottom  of  the  tube 
midway  along  its  length,  and  the  cold  Junction  was  referenced  to  the 
condensing  vapor.)  Calculations  indicated  that  this  should  be  a  reliable 
measuring  method. 

4. 4. 6. 3  Condensation  Inside  Helical  Grooved  Tubes  -  Test  3 

The  condensing  heat  transfer  coefficients  on  this  surface 
parallel  the  behavior  of  the  condensing  coefficients  on  the  smooth 
surface.  They  were  better,  however,  by  a  factor  of  1.75  times  when 
[  (hc^EXP/(hc)THEO  ]@  1  atm.  and  (Q/Ac)  were  based  on  the  projected 
area  of  the  tubes .  (See  Figure  60  and  Table  8) .  Most  of  this  may  be 
attributed  to  the  fact  that  the  true  area  was  1.48  times  the  projected  area, 
hence  the  apparent  Increase  when  the  projected  area  was  used.  The 
difference  between  1.75  and  1.48  may  be  attributed  to  the  beneficial 
fllrn  disrupting  Influence  of  the  grooves  themselves,  as  was  previously 
theorized.  The  Inherent  weight  penalty  of  such  a  surface  (0.020  Inches 
of  extra  wall  thickness)  does  not  make  this  scheme  appear  attractive, 
when  it  is  remembered  that  the  cryogenic  reboller-condenser  will  have 
tubes  with  less  than  0.010  inch,  thick  walls. 

4.4. 6.4  Condensation  Inside  Tubes  with  Copper  Porous  Condensing  Surface 

Test  4 

The  porous  condensing  surface  showed  no  advantage  over  a 
smooth  surface  at  80  Ng  at  any  heat  flux.  However,  at  150,  230,  and 
325  Ng,  encouraging  results  were  obtained.  [  (hc)EXP/(hc)THEO] 
had  values  of  1.31,  1.78  and  2.40  at  150,  230,  and  325  Ng  respectively, 
at  a  heat  flux  of  20,000  Btu  as  shown  on  Figure  61  and  Table  9.  The 
comparable  value  for  a  smooth  surface  was  1.09.  As  with  the  helically 
grooved  specimen,  any  Improvement  attributed  to  the  porous  surface  must 
be  diminished  by  the  extra  weight  it  adds,  A  10  mil  coating  with  50  per 
cent  void  space  is  equivaleul  to  5  mils  of  solid  metal.  If  the  reboiler- 
condenser  has  0.010  inch  thick  tube  walls,  [  (hc)EXP/  (hc)THEO  1 
must  be  at  least  1 .5  to  break  even.  This  would  require  an  average 
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CQNDCMSATIQN  INSIDE  HEUCAL  QRQQVED  TUBES  ■  TEST  3 
(Basis:  Insida  Area) 

Pressure  »  1  Atmosphere 


Run 

No 

(0/Aj 

Btu/«02fhrl 

(hj.)  i;XP^@139.3-R 

(hp)  THEO  ®  139. 3*R 
Btu/lft)2(hrl*R 

(hg)  EXP 
(h^)  THEO  ® 

1* 

80 

11,879 

4243 

216$ 

1.98 

2 

80 

18,391 

3664 

184$ 

1.99 

3* 

80 

11,879 

3869 

2 16$ 

1.79 

4 

80 

24,904 

3543 

1670 

2.  12 

S* 

80 

11,879 

3869 

2165 

1.79 

6 

60 

37,929 

3273 

143$ 

2.28 

7* 

80 

11,879 

<0^4 

2165 

1.87 

8 

80 

S0.9S4 

3173 

1300 

2.44 

9* 

ISO 

I4,9S3 

SS17 

2470 

2.23 

10 

ISO 

21.46S 

4889 

217$ 

2.2$ 

n* 

ISO 

14,9S3 

4984 

2470 

2.02 

12 

ISO 

27,978 

4S79 

198$ 

2.31 

U* 

ISO 

I4,9S3 

49S1 

2470 

2.00 

u 

ISO 

41,003 

4198 

173$ 

2.41 

15* 

ISO 

I4,9S3 

S0S2 

2470 

2.0$ 

16 

ISO 

S4,023 

3938 

1$7$ 

2.$0 

17* 

230 

14,484 

S938 

2910 

2.04 

18 

230 

29,998 

S249 

258$ 

2.0$ 

19* 

230 

14,484 

S287 

2910 

1.81 

20 

230 

27,509 

S038 

2345 

2.15 

21* 

230 

14,484 

4800 

2910 

1.65 

22 

230 

40,S34 

4730 

2055 

2.30 

23* 

230 

14,484 

4813 

2910 

1.59 

24 

230 

S3,SS9 

4467 

1980 

2.40 

2S* 

32S 

14,892 

8147 

3240 

1.90 

26 

32S 

2I,20S 

S4S1 

284$ 

1.92 

27* 

32S 

14,892 

$28$ 

3240 

1.63 

28 

32S 

27,717 

$021 

2805 

1.93 

29* 

32S 

14,892 

4724 

3240 

1.48 

30 

32S 

3$, $32 

4929 

2390 

2.02 

31* 

32S 

14,892 

8122 

3240 

1.89 

32 

32S 

40,742 

$217 

2290 

2.28 

33* 

32S 

14,892 

$323 

3240 

1.64 

34 

32S 

4S,SS2 

4604 

218$ 

2. 11 

*  Oertoies  runt  with  no  electrical  heat  input 

63  ASRP-2391 


138 

CONFIDENTIAL 


COlODEf>JSATiON4  IWSiDE  .'2SO'  ID  TUBES  COATBO  WITH  A 
POROUS  SURRAOE  AMD  IMCLIKJ&ID  S®  FROM  NJORMAL  TO 
ORAViTATIOMAL  FIELD 


looo  10,000  lOqooo 


Ct/Ay.  BTU/  (FT«)fMR) 


139 


63  ASRP-2391 


CONFIDENTIAL 


ASD-TDR-63-665,  Part  I 


TABLE  9 


(Basis:  Insida  Area) 


(Q/M 

Run  Na  Rtu/ft^'hr. 

Pressure 

(he)  EXP 

1  Atmosphere 

(h  )  THEO  @139. 

L  Blu/ft^-hr  -‘R. 

(h,.)  EXP 

°  @139.3*R 

(h  )  THEO 

Dimensionless 

1 

80 

10, ISO 

2180 

2300 

.95 

2 

80 

16,050 

1935 

1950 

.99 

3 

80 

27,800 

1685 

1620 

1.04 

4 

80 

39,600 

1605 

1410 

1. 14 

S 

ISO 

10,  ISO 

3270 

2850 

1.15 

6 

ISO 

16,050 

3000 

2400 

1.25 

7 

ISO 

27,800 

2450 

1900 

1.23 

8 

ISO 

39,600 

2670 

1780 

1.50 

9 

230 

16,050 

7290 

2820 

2.58 

10 

230 

to,  150 

4650 

3310 

1.40 

U 

32S 

16,050 

7570 

3150 

2.40 

12 

32S 

27,800 

6110 

2600 

2.35 

13 

230 

10,  ISO 

5310 

3310 

1.61 

14 

230 

16,050 

4420 

2820 

1.57 

IS 

230 

27,800 

4020 

2330 

1.73 

16 

ISO 

10,  ISO 

3870 

2850 

1.36 

17 

ISO 

16,050 

2730 

2400 

1.44 

18 

ISO 

27,800 

2730 

1990 

1.37 

19 

32S 

23,100 

7410 

2600 

2.56 

20 

325 

27,800 

5620 

2600 

2.16 

21 

325 

32,500 

5330 

2450 

2.  16 

22 

325 

39,600 

4650 

2320 

2.00 

23 

325 

37,300 

4490 

2350 

2.00 

24 

230 

16,050 

5460 

2820 

1.94 

25 

150 

27,800 

2950 

1990 

1.48 

26 

230 

27,800 

4430 

2330 

1.89 

27 

230 

16,050 

6160 

2820 

2.  18 

28 

230 

39,000 

3586 

2GbO 

1.74 

POINTS  WITH  NO  LLECTPICAL  HEAT  INPUT 

vw 

.}  lUU 

.82 

30 

80 

4,250 

2640 

3100 

.83 

31 

ISO 

4,250 

4400 

3810 

1.  IS 

32 

150 

4,250 

4050 

3810 

1.06 

33 

230 

4,250 

10, 100 

4200 

2.41 

140 
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acceleration  in  the  reboiler-condenser  tubes  of  about  200  Ng.  The 
derivation  of  average  acceleration  will  be  presented  in  a  later  section. 
Consideration  must  also  be  given  to  the  fact  that  the  porous  condensing 
surface  tested  was  undoubtedly  not  the  optimum  one.  There  is  potentially 
a  wide  variation  in  the  possible  required  thickness  and  porosities  of  a 
functional  porous  condensing  surface  which  would  result  in  substantially 
less  coating  weight  and  increased  values  of  (hclg^p/'  .  This 

would  enhance  the  attractiveness  of  the  porous  condensing  surface. 


In  both  Test  4  and  5  was  calculated  using  the  Nusselt 

equation  in  the  form  of  Hassan  arid  Jakob  with  physical  properties 
consistent  with  1  atm.  (139. 3®R.)  However,  (hp)  £j^p  was  not  corrected 
to  1  atm.  to  account  for  the  effect  of  pressure  on  the  physical 
properties  because  the  correlation  describing  this  effect  on  the  condens¬ 
ing  heat  transfer  coefficient  on  porous  surfaces  is  not  known.  Thus,  the 
coefficient  measured  at  some  pressure  other  than  one  atmosphere  cannot 
be  corrected  to  one  atmosphere  by  a  correction  term  similar  to  R“  in 
Figure  57 , which  is  for  a  smooth  surface.  For  this  reason,  the  results 
for  condensation  on  porous  surfaces  are  presented  in  terms  of  the  ratio 
^^EXP'^^^c^THEO  ^VeXP  condensing  pressure  P 

(P>  1  atm.)  and  (h  is  evaluated  at  one  atmosphere.  Since  the 

C  ini:>U 


condensing  pressures  in  Tests  4  and  5  were  close  to  one  atmosphere. 


the  ratio  (h 


./(hj. 


may  be  taken  as  a  one  atmosphere  value  with 


c'EXP'  '“c'THEO 
introduction  of  less  error  than  the  experimental  scatter. 


The  problem  now  faced  is  how  to  use  this  ratio  at  higher  pressures 
such  as  required  for  the  cryogenic  boilerplate  unit  requiring  condensing 
pressures  near  15  atmospheres.  Obviously,  further  experimental  work 
is  needed  to  evaluate  this  ratio  at  higher  pressures.  Since  estimates 
are  needed  now,  it  is  assumed  that  the  film  coefficient  ratio  determined 
at  approximately  one  atmosphere  could  be  multiplied  by  the  Nusselt 
coefficient  evaluated  at  the  appropriate  pressure  level  of  approximately 
15  atmospheres  to  give  the  proper  coefficient. 


(he), 


(h 


c'EXP 


^Vtheo 


@  ~  1  atm 


(he  THEO), 


(42) 


This  was  taken  to  be  a  sound  approach  based  on  the  following; 
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Q’ 

r  ^  1  1 

•  T 

(Re)  p 

jp  1 

^  ^  'l  ^  1  atm  . 

since  D  &  A  are 
constant . 

'""'l  atm.  ■ 

O’  1 

■  D  1  -  1 

-  A  u  L  ^  J  1 

=  15  atm., 

=  3.09,  Indicating  a  three 

atm. 

-fold  increase  in 

Reynolds  Number.  Thus,  the  effect  of  pressure  on  rippling  is  to  Increase 
It  slightly.  Since  the  experimental  film  coefficient  is  expected  to  improve 
with  rippling,  it  should  tend  to  be  slightly  better  at  higher  pressures.  The 
calculation  procedure  used  to  yet  hj,  @  P  should  be  valid  and  very  slightly 
conservative . 

4.4. 6.5  Condensation  Inside  Tubes  with  an  Aluminum  Porous  Condensing 
Surface  -  Test  5 

The  condensing  coefficients  on  the  aluminum  porous  condensing 
surface  were  slightly  better  than  those  on  the  copper  porous  condensing 
surfaces  ,  The  experimental  results  are  presented  in  Figures  62  and  63 
and  Table  10.  The  theoretical  condensing  coefficient  has  previously 
been  presented  in  Figure  55.  The  experimental  condensing  coefficient 
has  been  correlated  in  terms  of  the  heat  flux  (Q/Ac)  and  thp  gravitational 
field  (JJg  ).  It  was  found  that  (MexP  varied  as  (Q/Ac)"‘Oand  {Ng)*^^, 

The  advantage  of  presenting  the  data  in  this  form  is  that  the  condensing 
heat  transfer  coefficient  may  be  calculated  directly.  There  is  no  need  to 
consider  both  (^'c)exp/(^c)thEO  ®  function  of  (Q/Ap)  and  (hc)THEO  as 
a  function  of  (Q/Ap)  although  plots  of  these  relationships  are  shown  in 
Figures  63  and  55  to  achieve  consistency  with  the  previous  method  of  data 
presentation. 

Figure  62  shows  that  (hc)EXP  has  a  value  of  5920  Btu/(ft)2(hr){®R) 
at  a  heat  flux  of  20,  000  btu/(ft)2(hr)  and  150  Ng,  (hc)EXP  on  a  smooth 
surface  at  the  same  conditions  would  be  2420  Btiv(ft)  (hr){°R).  The  use  of 
the  aluminum  porous  surface  causes  a  2.42  times  increase  in  the  average 
condensing  coefficient.  This  is  a  1.63  times  Increase  in  overall  perform¬ 
ance  if  the  porous  coating  increases  the  weight  of  the  reboller-condenser 
by  50%.  The  use  of  a  porous  aluminum  surface  would  thus  appear  to  be 
attractive  for  the  reboiler-condenser. 

The  reason  for  the  better  performance  of  the  aluminum  porous 
condensing  surface  is  not  known,  although  it  was  noted  that  the  aluminum 
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TABLE  10 

CONDENSATION  INSIDE  TUBES  WITH  ALUMINUM 
POROUS  CONDENSING  SURFACE  -  TEST  5 
(Basis:  Inside  Area) 

Pressure  ^  1  Atmosphere 


Run 

Ng 

(Q/A  ) 
Btu/fr-hr. 

EXP 

Btu/ft2-hr-°l 

1 

325 

13,200 

15, 172 

2 

325 

18, 100 

11,240 

3 

325 

27,950 

10,627 

4 

325 

33,900 

7,722 

5 

325 

37,800 

9,153 

6 

230 

13,200 

8,980 

7 

230 

18, 100 

9,731 

8 

230 

27,950 

8,627 

9 

230 

33,900 

5,433 

10 

15  0 

13,200 

6,839 

11 

150 

18, 100 

6,830 

12 

15  0 

27,950 

5,601 

13 

15  0 

33,900 

3,924 

14 

80 

13,200 

5,455 

15 

80 

18, 100 

4,827 

16 

80 

27,950 

3,634 

17 

80 

33,900 

2,665 
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porous  condensing  surface  had  larger  capillary  radii  than  the  copper 
porous  condensing  surface  previously  tested. 

4.4.6, 6  Condensation  Inside  Tubes  with  a  Non-Wetted  Surface  - 

Test  6 

The  non-wetted  Teflon  condensing  surface  was  ineffectual 
in  promoting  high  condensing  heat  transfer  coefficients.  In  fact, 
as  Figure  64  and  Table  11  show,  the  performance  is  even  worse  than 
on  a  smooth  surface.  The  effect  is  particularly  noticeable  at  low 
heat  fluxes  where  the  condensing  coefficient  is  large.  At  high  heat 
fluxes,  the  condensing  coefficient  is  strongly  controlling,  so  that 
performance  asymptotically  approaches  the  smooth  surface  value. 

This  is  a  result  of  a  contact  resistance  between  the  Teflon  film 
and  the  tube  wall.  The  Teflon  film  is  too  thin  to  account  for  this 
increased  resistance  itself,  since  the  equivalent  coefficient  of  a 
5000  Angstrom  (.02  mil)  thick  Teflon  film  is  86,000  Btu/ (f t . ) 2 (hr) 

(®R).  The  contact  coefficient  has  a  value  of  7150  Btu/(ft)2(hr)('’R). 

Such  a  contact  resistance  could  arise  if  the  Teflon  coating  trapped 
pockets  of  air  in  the  micro  roughness  of  the  tube  wall  during  the 
coating  fusion  process.  The  peak  to  valley  roughness  of  a  reamed 
surface  such  as  that  Inside  the  tubes  is  63-125  micro  inches.  A 
75  micro  inch  gap  would  have  an  equivalent  coefficient  of  7150 
Btu/(ft)2(hr)(‘’R)  if  filled  with  air.  The  Teflon  coated  surface  ob¬ 
viously  should  not  be  considered  for  use  in  the  reboiler-condenser, 

4.4. 6.7  Bolling  on  an  Untreated  Aluminum  Surface  -  Test  7 

Figure  65  shows  the  boiling  curves  obtained  for  N2  boiling 
on  the  test  specimen  surface.  The  heat  flux  is  plotted  against  the 
average  temperature  difference  between  the  metal  surface  and  the 
boiling  N2  at  various  Ng.  Figure  66  shows  the  boiling  curve  obtained 
for  boiling  oxygen  at  normal  gravity  on  this  specimen,  compared  with 
the  nitrogen  boiling  curve  obtained  under  the  same  conditions.  The 
data  for  these  curves  are  listed  on  Table  12.  Figures  67  and  68  show, 
for  reference,  boiling  curves  for  nitrogen  and  oxygen  on  various  surfaces 
at  normal  gravity  as  reported  in  the  literature,  or  obtained  by  the  Union 
Carbide  Corp . ,  Linde  Division  in  previous  work.  (Ref.  28,  29,  30, 

3i,  32,  33,  34,  3b). 

The  Influence  of  the  gravitational  field  on  boiling  performance 
is  shown  by  the  N2  data  in  Figure  65.  There  was  no  gravitational 
field  effect  at  high  heat  fluxes;  however,  at  low  heat  fluxes,  where 
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COHMNSATIOH  IWSIDE  .ZSOIH.  l.D.  TUBES 
COATCD  WITH  A  TtPLQH  SURFACE  -TpST  6 
(fiat)s:  Initde  Arts) 


Run 

(O/AjJ 

Kfi_ 

Pr44«ut«  ■  1  Atmoiphtr* 

>38.3*8  (hc)TKCOSl39.3*R 
Btu/{t3«hr-»R  8m/tt3.hf.«R 

{\) THEO 

!• 

80 

8. 90S 

1707 

2340 

.729 

2 

80 

IS, 690 

1604 

2066 

.841 

3« 

80 

9,90$ 

1737 

2340 

.742 

4 

80 

21.680 

1S72 

1882 

.933 

5* 

80 

9, 90S 

1748 

2340 

.746 

& 

80 

J3.4SO 

14S6 

1679 

1.04S 

»• 

ISO 

11,080 

1941 

2800 

.694 

8 

ISO 

I6.97S 

1822 

249S 

.793 

«• 

ISO 

11,08b 

1899 

2800 

.678 

10 

ISO 

27.8SO 

1780 

2289 

.86S 

U* 

ISO 

11,080 

1897 

2800 

.678 

12 

ISO 

34,6S0 

1692 

2042 

.983 

IJ» 

80 

9, 90S 

1830 

2340 

.782 

14 

80 

IS, 690 

1563 

2069 

.916 

IS* 

80 

9. 90S 

1917 

2340 

.919 

U 

80 

21,680 

1791 

1870 

1.0S7 

!?• 

ISO 

11,000 

2410 

2B00 

.861 

18 

ISO 

16.97S 

2114 

2482 

.91S 

19* 

ISO 

11.080 

2233 

2800 

.792 

20 

ISO 

22.8SO 

2137 

227S 

1.0)2 

21* 

ISO 

11.080 

2217 

2800 

.791 

22 

ISO 

34,6S0 

2016 

2018 

1. 1S7 

23* 

230 

I2,2SS 

2400 

312S 

.768 

24 

230 

18. ISO 

2240 

284  1 

.8S4 

2S* 

250 

12.2SS 

21S9 

3I2S 

.691 

26 

230 

24.0S0 

2110 

2631 

.890 

27* 

230 

I2.2SS 

2098 

312S 

.672 

26 

230 

3S.B20 

2116 

23S2 

1.047 

29* 

32S 

14,130 

2437 

3380 

.721 

30 

32S 

20,040 

22$0 

3149 

.782 

31* 

32S 

14. 130 

22SO 

3380 

.666 

32 

32S 

2S.930 

2313 

2920 

.881 

33* 

32S 

M,  130 

2181 

3380 

.646 

34 

32S 

37.7vO 

2<42 

2624 

.997 

3S* 

8C 

9,9«S 

1606 

2  34  0 

.666 

36 

BU 

31.4Se 

1629 

1661 

1 .  1S6 

•  Uenolcs  points  wiih  no  pifciiicdi  hcoi  tnp-jt. 
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COMPARlSOM  OF  BOILINJQ  DATA.  ACT  I  NJg 

AMO  I  ATM  OM  AM  UI>JTI?eATED  ALOMINJUM  DISK. 
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Run 

(Q/A^) 

Btu  /ft^-hr. 

1 

Center  T.C. 

•R 

“*2 

Edge  T.C. 

•R 

1 

7,S?0 

7. S3 

5.92 

150 

2 

IS.SOO 

9.4S 

8. $8 

ISO 

3 

22,710 

10.32 

9. $4 

ISO 

4 

30,280 

11.00 

10.20 

ISO 

5 

J/,8bO 

1 1.20 

10.32 

ISO 

6 

3,78S 

4.01 

3.6$ 

ISO 

7 

39,430 

10. $2 

10.43 

80 

a 

30,280 

9.&1 

9.46 

80 

0 

22.710 

9.  12 

9.06 

80 

10 

IS.SOO 

8.39 

8.00 

80 

li 

7,S70 

$.75 

6.  19 

60 

12 

3,78$ 

$.01 

4.41 

80 

13 

37,8$0 

10. $0 

10. $2 

230 

M 

3U.2KCI 

10. $6 

10.20 

230 

IS 

22.710 

10.  1$ 

9.30 

230 

lb 

IS.SOO 

8.64 

8.  10 

230 

17 

7, $70 

$.32 

4.84 

230 

lu 

1.785 

i.yo 

1.76 

230 

l‘J 

37,700 

10.  12 

)U.02 

1 

20 

30, ^BO 

9.60 

9.3$ 

1 

21 

22.010 

8.69 

B.48 

1 

22 

15. $00 

7.90 

7.54 

1 

23 

7, $70 

6.96 

6.54 

1 

24 

3,78$ 

$.89 

$.  15 

1 

2S 

7.$70 

Liould  OxvQt 

8.93 

UL. 

8.8$ 

1 

20 

IS.  SOM 

9. so 

9  JS 

1 

27 

22.710 

10.  36 

10.  30 

1 

28 

30,280 

11.08 

11.20 

1 

29 

37,8$0 

11.60 

11.70 

1 
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convective  heat  transfer  can  be  substantial,  an  appreciable 
gravitational  field  effect  was  noticed.  Similar  results  were  obtained 
for  boiling  on  a  special  surface  as  reported  in  the  Summary  Report  on 
•'Heat  Transfer  Studies",  Contract  AF  33 (61  6) -7 646 .  Since  the 
reboiler-condenser  would  operate  at  heat  fluxes  where  gravitational  field 
has  no  influence  on  the  boiling  curve,  it  may  be  concluded  that  the 
special  surface  retains  heat  transfer  advantage  over  a  conventional 
boiling  surface  at  all  gravitational  fields  for  all  heat  fhixes  of  interest. 

The  effect  of  the  boiling  fluid  on  the  boiling  curve  is  shown  by 
comparison  of  the  O2  and  N2  data  at  normal  gravity  (Figure  66)  where 
the  boiling  performance  decreases  as  the  normal  boiling  point  of  the 
test  fluid  increases.  This  is  consistent  with  previous  experience  in 
the  nucleate  boiling  of  cryogenic  fluids . 

In  comparison  of  performance  with  other  untreated  surface  data, 
the  data  obtained  with  this  specimen  compares  well  with  literature 
data  and  other  Linde  data.  Figure  67  shows  the  results  of  six  previous 
investigations  of  boiling  heat  transfer  to  liquid  N2.  Although  the  heat 
transfer  coefficients  obtained  in  the  present  work  were  somewhat 
greater  than  the  average  coefficients  previously  obtained,  differences 
in  surface  characteristics  and  specimen  configuration  could  account  for 
this  variation.  No  attempt  was  made  to  polish  our  surface  to  remove 
any  of  the  nucleating  sites,  as  others  may  have  done,  since  it  was 
desired  to  test  a  mill  finished  surface,  untreated  in  any  way.  Surface 
roughness  is  known  to  have  a  pronounced  effect  on  the  nucleate  boiling 
heat  transfer  coefficient. 

The  O2  data  compares  well  with  previously  obtained  Linde  data 
for  boiling  on  an  untreated  aluminum  surface  (See  Figure  68) .  The 
surface  of  the  previous  specimen  was  machined  on  a  lathe,  and  thus  may 
have  had  nucleating  sites  comparable  in  number  to  those  on  our  test 
piece,  hence  the  good  agreement. 

4.5  Pilot-Scale  Reboiler-Condenser 

The  objective  of  the  second  phase  of  the  heat  transfer  test 
program  was  to  demonstrate  or  proof  test  a  small  scale  reboiler-condenser 
utilizing  the  concepts  and  information  that  evolvea  from  the  basic 
heat  transfer  studies.  A  further  criterion  established  for  this  phase  of 
the  test  program  was  that  the  experimental  apparatus  should  be  geome¬ 
trically  similar  to  the  design  of  the  full  scale  reboiler-condenser  in 
all  respects  except  size.  In  accordance  with  these  objectives,  design 
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parameters  were  established,  "efficiencies"  defined,  and  the  performance 
of  the  unit  predicted  by  mathematical  analysis.  The  experimental  model 
then  was  fabricated  and  the  resulting  test  data  evaluated  in  terms  of  the 
aforementioned  criteria. 

4.5.1  Rotor  Design 

As  described  earlier,  the  basic  component  of  the  reboiler- 
condenser  was  a  rotating  disk  made  of  curved  tubes,  brazed  together.  In 
order  to  braze  the  disk,  the  tubes  must  be  in  lateral  contact  everywhere 
along  their  lengths.  This  also  served  to  pack  the  maximum  area  into  a  disk 
of  given  dimension.  It  was  also  necessary  that  the  tubes  be  oriented  so 
that  the  major  component  of  the  acceleration  should  act  in  a  direction  trans¬ 
verse  to  the  tube  axis  over  most  of  the  length  of  each  tube.  Such  an 
orientation  strips  the  condensate  from  the  walls  of  the  tube  into  a  small 
drainage  trough  on  the  side  of  the  tube  which  is  radially  outward. 


To  simplify  the  headering  at  the  inner  annular  boundary  of  the 
disk,  the  tubes  at  this  location  were  made  parallel  to  the  disk  radius.  The 
derivation  of  the  equation  for  a  single  tube  in  lateral  contact  everywhere 
along  its  length  is  given  in  Appendix  VII,  The  equation  for  one  of  these  tubes 
in  polar  coordinates  is: 


©  =  arc  cos 


1 


-  1 


(43) 


where  r  is  the  length  of  the  radius  vector  and  ©  is  the  angle  between  the 
radius  vector  and  the  polar  axis.  The  length  of  each  tube  is  given  by  the 
following  derivation; 


From  Appendix  VII, 


ds 

dr 


/  ds=  / 


r. 

r.  1 
1 


dr 


and 


2  r. 


.  2  2, 
(r  -  r.  ) 
o  1 


(44) 


The  efficiency  with  which  these  tubes  were  oriented  to  the  available 
centrifugal  acceleration  was  determined  by  comparison  with  a  fictitious 
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optimum  orientation.  Obviously,  if  all  tubes  were  perpendicular 
to  the  radius  of  the  rotor  at  every  point,  the  total  centrifugal  acceler¬ 
ation  would  be  utilized  in  stripping  the  condensate  from  the  walls 
of  the  tube.  With  no  component  parallel  to  the  tubes  the  condensate 
would  not  drain  and  the  tubes  would  flood  with  liquid,  which  makes 
the  heat  transfer  optimum  fictitious .  However,  retaining  it  as  a 
standard  of  comparison,  the  following  considerations  apply.  The 
centrifugal  acceleration  at  any  point  on  the  rotor  was  r  co  2. 

The  component  of  this  centrifugal  acceleration  perpendicular  to  the 
axis  of  the  tube  was  co^r  sln^^where  is  the  angle  between  the 
radius  vector  and  the  axis  of  the  tube  and  is  the  complement  of  the 
angle  a  °  defined  in  the  previous  section.  The  efficiency  of  orien¬ 
tation  is  defined  as  the  Integral  of  the  perpendicular  component  of 
the  centrifugal  acceleration  along  the  length  of  the  tube  dividfed  by 
the  Integral  of  the  total  centrifugal  acceleration  along  the  tube.  This 
efficiency  was  ^ 

r° 

J  r  sin  If  ds 

r 

i 

Orientation  efficiency  =  - 

f  r  ds 

"^i 

where; 


^  =  cos4'=  (See  Appendix  VII) 

ds  “  r 


substituting: 

Orientation  efficiency  = 


r 
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The  Integration  yielded: 


Orientation  Efficiency  = 


(45) 


The  Nusselt  analysis  as  formulated  by  Hassan  and  Jakob  for  inclined 
circular  cylinders  (Ref.  19)  indicates  that  the  heat  transfer  coefficient 
is  directly  proportional  to  the  acceleration  perpendicular  to  the  axis  of 
the  cylinder  raised  to  the  l/4  power.  Therefore,  the  perpendicular 
component  of  the  centrifugal  acceleration  raised  to  the  l/4  power  was 
integrated  along  the  length  of  the  tube  and  an  efficiency  again  defined 
as  previously.  This  efficiency,  based  on  the  heat  transfer  potential,  was: 

1/4 

r  j,  (  r  sin  ^  )  '  ds 

fo  1/4  , 

^  r  ds 

^i 


,2  2,9/8 

o  -  ^  i  ^ 

9/4  9/4" 

o  i 


(46) 


The  condensate  accumulates  on  the  side  of  the  tube  which  is 
radially  outward  and  flows  out  of  the  tube  under  the  influence  of  that 
component  of  the  acceleration  parallel  to  the  tube  axis.  Because  of  the 
low  condensate  fluid  velocity,  the  Coriolis  force  effect  was  found  to 
be  negligible.  The  tube  with  a  profile  given  by  equation  (43)  had 
a  constant  acceleration  parallel  to  the  axis  of  the  tube  at  every 
point  along  its  length  and  its  magnitude  was  defined  by  the  following 
equation; 


(jo^r  cos  V  =  ai^r^  =  Ngp 


g 


(47) 
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4.5.2  Dimensions  and  Confiyuration  of  Test  Rotor 

The  heat  transfer  test  rotor  consisted  of  two  tube  disks,  Fig.  69, 
forming  one  boiliny  passage  flanked  by  two  condensing  passages. 

The  outer  side  of  each  condensing  passage  was  not  exposed  to 
the  boiliny  fluid.  The  inner  and  outer  radii  of  these  disks  were 
ri  =  6  inches  and  ro=  18  inches.  Each  disk  or  tube  sheet  con¬ 
sisted  of  121  type  3003  aluminum  tubes  of  0.280  inches  I.D.  and 
0.016  inches  wall.  The  length  of  each  tube  as  determined  by 
equation  (44)  was  2  feet.  The  orientation  efficiency  calculated 
from  equation  (45)  was  0.87  0.  This  meant  that  87%  of  the  total 
centrifugal  acceleration  available  was  perpendicular  to  the  axis 
of  the  tube.  The  efficiency  based  on  the  heat  transfer  potential, 
calculated  by  means  of  equation  (4 6), was  0.957.  From  this,  the 
conclusion  can  be  made  that  if  all  the  tubes  were  mounted  circum¬ 
ferentially  on  the  rotor  (fictitious  optimum)  there  could  only  be  an 
increase  of  4.3%  in  the  heat  transfer  when  compared  with  the 
orientation  selected. 

The  two  tube  plates  were  separated  in  the  axial  direction 
by  a  space  of  3/16  inches  (minimum  spacing  between  crests  of 
opposed  tubes)  to  serve  as  the  boiling  passage.  No  vanes  or 
restrictions  were  placed  in  this  passage.  Under  high  accelera¬ 
tion  any  significant  depth  of  liquid  on  a  vane  would  cause  an  appre-? 
ciable  increase  in  the  hydrostatic  pressure  of  the  liquid  with  a 
corresponding  rise  in  its  saturation  temperature.  Since  the  reboiler- 
condenser  must  operate  at  low  overall  temperature  differences,  this 
hydrostatic  pressure  rise  would  significantly  reduce  the  temperature 
difference  available  for  heat  transfer.  The  liquid  completely  wetted 
the  walls  of  the  tube  disks  which  banned  its  passage.  Over  most  of 
the  operating  range,  the  liquid  flowed  as  a  film  on  the  disk  surface, 
and  the  vapor  flowed  cocurrently  as  a  segregated  core  in  the  center 
of  the  passage.  Under  certain  conditions,  non-segregated  two-phase 
flow  occurred . 

The  vapor  header  at  the  entrance  to  the  tubes  consisted  of  a 
manifold  connecting  all  the  tubes  together.  Bushings  were  passed 
through  the  vapor  manifold  to  conduct  liquid  to  the  boiling  passage. 
This  liquid  was  distributed  by  an  orifice  ring,  which  included  yA'L 
orifices,  which  sprayed  the  liquid  onto  the  disk  surfaces,  half  the 
orifices  facing  one  disk  and  half, the  other. 

At  the  outer  periphery  of  the  rotor  twelve  cross  headers  equally 
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spaced  were  provided  to  join  the  two  disks  and  collect  the  condensate. 

A  liquid  seal  maintained  an  elevated  pressure  on  the  tube  side.  The 
condensed  liquid  passed  through  this  liquid  seal,  and  was  discharged 
freely  into  the  stationary  casing  surrounding  the  rotor.  The  excess,  or 
unvaporized,  liquid  from  the  boiling  passage  was  also  collected  at  the 
outer  periphery  and  discharged  freely  to  the  casing.  This  was  possible 
because,  as  shown  below,  the  same  fluid  was  used  for  both  condensing 
and  boiling  streams,  a  pressure  difference  providing  the  temperature 
driving  force.  In  the  actual  air  separator  application,  of  course, 
suitable  exit  headers  would  be  required.  A  seal  was  maintained  on  the 
excess  boiling  passage  liquid  to  prevent  discharge  of  vapor  to  the  casing. 
The  boilup  vapor  was  passed  through  holes  at  the  periphery  of  the  rotor 
into  an  annular  passage  and  returned  to  the  center  of  the  rotor,  where  a 
rotating  seal  was  provided  for  an  exit  from  the  casing.  The  configuration 
of  the  tube  disks  along  with  the  inner  and  outer  headers  is  shown  in 
Figure  37  .  A  photograph  of  the  brazed  tubes  comprising  one  rotor  disk 
is  shown  in  Figure  69 . 

4.5.3  Instrumentation 

The  auxiliary  apparatus  for  providing  saturated  vapor  and  liquid 
to  the  test  rotor  was  a  closed  loop  cycle  consisting  of  a  reboller  and 
condenser,  high  pressure  pumps,  vapor  separators,  heat  exchangers, 
storage  tanks,  and  the  necessary  piping.  The  storage  vessels  and  piping 
were  designed  to  operate  at  pressures  up  to  150  psig.  A  schematic  of  the 
circuit  is  shown  in  Figure  70.  This  flow  circuit  was  basically  the  same 
as  that  used  under  Contract  AF  33(61  6) -7 5 09,  and  a  complete  description 
is  included  in  that  report.  The  only  modification  required  was  the  addition 
of  another  fluid  line  with  a  metering  device,  between  the  storage  tank  and 
the  condenser,  (broken  line  in  Figure  70) .  The  inlet  and  exit  streams  to 
the  rotor  were  metered  and  their  temperatures  and  pressures  controlled  and 
measured . 

Three  Statham,  strain  gauge,  differential  pressure  transducers 
were  mounted  on  the  rotor.  The  high  pressure  ports  on  these  pressure 
transducers  were  connected  to  the  tube  side  of  the  disks  while  the  low 
pressure  ports  or  references  were  connected  to  the  annular  boiling 
passage.  The  three  transducers  were  located  at  radial  locations  of  6  in., 
12  in.,  and  18  in.,  respectively.  The  pressure  ports  were  located  after 
the  inlet  headers  and  orifices  and  before  the  exit  headering  .  This  assured 
that  no  pressure  drops  across  the  headering  arrangements  were  measured 
and  the  pressure  phenomena  measured  corresponded  to  that  occuring  in  the 
active  heat  transfer  area.  The  output  from  these  transducers  was 
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recorded  and  gave  a  direct  indication  of  the  local  pressure 
differences  existing  between  the  streams  at  the  three  different 
locations  along  the  tube.  From  the  pressures  as  measured 
experimentally,  the  overall  temperature  difference  between  the 
boiling  and  condensing  fluids  could  be  determined. 


M 


The  heat  flux  was  determined  with  the  aid  of  the  external 
metering  devices  and  a  mass  balance  on  the  basis  of  known  area, 
measured  flow  rates  and  determined  heat  of  vaporization.  Indepen¬ 
dent  checks  on  the  overall  mass  balance  could  be  determined  by 
individual  mass  balances  around  each  storage  tank  and  the  rotor. 
The  agreement  between  the  calculated  and  measured  quantities  was 
always  within  a  few  per  cent. 

4.5.4  Selection  of  Test  Fluid 


at 


The  basic  functional  study  of  heat  transfer  in  this  novel 
configuration  would  have  been  complicated  by  secondary  problems 
if  cryogenic  oxygen  and  nitrogen  had  been  used.  Those  problems 
would  be  the  design  of  suitable  low  temperature  seals,  the  need 
for  separate  flow  circuits  for  each  fluid,  and  the  hazardous  nature 
of  liquid  oxygen.  Further,  the  test  loop  suitable  for  UCON  fluids 
could  not  be  adapted  for  cryogenic  use. 

It  was  necessary  to  choose  a  single  UCON  fluid  to  simulate 
both  oxygen  and  nitrogen.  The  following  similarity  criteria  were 
accepted,  as  work  by  Martinelli  and  Lockhart  (36)  showed  that  the 
following  physical  property  ratios  affect  two-phase  flow: 


Boiling  heat  transfer  on  the  special  surface  is  controlled  by 
the  Gibbs-Kelvin  parameter: 


X  o 

V 


(Refer  to  section  4.3.3) 


Condensing  heat  transfer  is  controlled  by  the  Nusselt 
parameter: 

O.s  ol  n  1/4 


L  ■>  L  ‘ 
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The  six  similarity  criteria  were  evaluated  for  tJCON.12V" 
yCON  22,  UCON  113,  and  UCQN  114.  The  Gibbs-Kelvin  parameter 
and  the  fluid  flow  criteria  were  also  evaluated  for  oxygen  and  the 
condensing  parameter  for  nitrogen  at  the  saturation  pressures  expec¬ 
ted  in  the  reboiler-condenser.  Values  for  UCON  fluid  and  oxygen  proper¬ 
ties  can  be  found  in  Ref.  19,20  and  37.  Figure  71  shows  the  deviation 
of  the  Gibbs-Kelvin  parameter  of  the  four  UCON  fluids  from  that  of 
oxygen  at  85  psig  as  a  function  of  the  UCON  fluid  pressures.  Figure 
7  2  shows  the  deviation  of  the  Nusselt  parameters  from  that  of  nitrogen 
at  25  0  psig.  Similar  plots  were  made  for  the  four  fluid  flow  criteria 
as  shown  in  Figure  73  where  the  square  root  of  the  sum  of  the  squares 
of  the  deviations  of  the  UCON  fluid  flow  parameters  from  those  of 
oxygen  at  85  psig  are  plotted  as  a  function  of  UCON  pressure.  This 
method  is  valid,  as  statistically  it  is  the  evaluation  of  the  standard 
deviation  of  the  UCON  parameters  from  the  mean  defined  as  the  cal¬ 
culated  value  of  the  parameters  for  oxygen  at  85  psig.  (Ref.  38) 

The  symbol  sf EAi^  is  composed  of  the  following: 


2  \ 

(— )  ]  )  (48) 

%  o  y 


2  s 


■)  -  1  +  n- 


L  u 


L  o 


V  u 


[  (■ 


L  ^  L 

— )  -  (— )  ] 

^  L  u  ^  L  o 


-)  - 


V  U 


The  location  of  the  minimum  standard  deviation  for  each 
UCON  fluid  on  Figure  73  is  based  on  the  minima  location  of  a  function 
as  defined  by  calculus  (Ref.  23  p.  82). 

.  ‘  .  For  a  particular  UCON  fluid,  the  location  of  the  minimum 
standard  deviation  is  at  the  UCON  pressure  where: 

- i -  =  O. 

3p 


63  ASRP-2391 


164 


CONFIDENTIAL 


ASD-TPR-63-665,  Part  I 


63  ASRP-2391 


mmmmmmm 


ASD-TDR-63-665,  Part  I 


aOjARE  SOOT  or 
THfteUMOFTHE  fiO. 
or  oBviATiosj  or 
fluid  flow  para- 

METBRE 

"^C^L  Wt  Wv 
or  uooMS 
REUTIV8  TOCKYaBN 


OPTIMUM  OPgRATiKJOi  PRESSURRS 
FOR  UCOU  FLUIDS  RELATIVE  TOOFYISiew 
AT  a&  PSIGi 


'■■■I 
•  ■PBHM 

BSnKI 


_ smsssu 

NSSHudraSB: 


■■■———■—■■■■■■I 

^■HSaaSBBf*  smaasasaa 

IGiili: 

“"^San 


!■«■■■■■■■■■ 


BnsaggRHSBaaRSffisaKsgaBBH 

Iriiiebrbrrbsr^krsi 
^rbrrrsrrbrrrrrI 

rainEMunit .’•/<» 

- 


■■flliiOilRRiRaRRBBRRfRHBillBBBRRBaaMl 
■BBiiBaBfliiaRBBRRBBBBRflBBBBfBBBBBRBBBBBl 
BBBBBBBBBBBBBBBBBBBBBBBriBBBBBBBBBBiBBBBBi 
iBnanaBB 

:r^: 


■BBBBBBBBBBBBB iBBBBBBIM* 

■■■iiBiBBBBBBBiiiiili - 


sburRBBRRHBRB 

’RRRRiiRrSSRSiHRRRRRBBiipr. 
i^RBRBiR:  :RRaRiR!BSRRR3RilRaBHH«....  pu| 
„..RRBR!RB^:RRSBRRSSfflRBBS:RSRRRBSRR;iRi| 

.^iBBBBBBSBBSHSiiSBggBRBaaBBBMRBBBBBBByBRWaBBBBBBRRBBtlBBBl 
iBBBBBBBBBk’BBBBBBBB  BBBBBBBBBBaBBBBBBBBBBr<BBBBaBBaBBBBaaB'|BBB| 


UCOM  PRBSCURE.  CPSl<a.) 


63  ASRP-2391 


Examination  of  these  fi^ufes  showed  fhat  ’ffOST?  12  fa^e’tffe" Best 
overall  match  with  the  pair  of  cryogenic  fluidsV  The  two*- phase  flow  para¬ 
meters  were  the  least  predictable  and  thus  were  given  preference  to  the 
boiling  and  condensing  parameters  which  can  be  predicted,  UCON  12  is 
also  convenient  In  that  It  gives'  a  good  match  with  oxygen  at  pressures 
where  the  UCON  12  saturation  temperature  is  near  ambient,  minimizing 
heat  leak  problems .  Finally,  suitable  temperature  driving  forces  of  about 
10°F  were  obtained  at  conditions  consistent  with  similarity  with  the  cryo¬ 
genic  fluids.  A  typical  operating  condition  with  UCON  12  was  75  nsig  on 
the  boiling  side  and  90  pslg  on  the  condensing  side. 

4.5.5  Experimental  Data 

A  total  of  68  data  points  were  taken.  All  the  data  taken  is 
presented  in  Table  13.  A  wide  range  of  the  operating  variables  was 
covered.  Rotational  speeds  varied  over  the  range  of  500-1100  RPM 
(52-115  rad, /sec.)  or  an  Integrated  average  transverse  acceleration  be¬ 
tween  80  Ng  and  388  Ng.  The  parallel  acceleration  along  the  tube  (that 
utilized  for  drainage  of  the  tube)  varied  bgtween  42,5  Ng  and  206  Ng. 

The  average  transverse  acceleration  along  a  tube  can  be  calcu¬ 
lated  from  the  following:  (Refer  to  Appendix  VII  and  Section  4.5.1) 


_  /  Ng  sinf  ds 

Ng„  =  - 

^  /  ds 


Ng.j,  = 


f  rw^  sin  ds 

•'  -g- _ ' 

f  ds 


Since  ds  = -  dr  and  sinf  = 

’’l 


r  -r. 
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Ng.,  = 
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;  table  13 


W  vap. 

9 

Btu/hr.fi. 

P  cond . 

R.P.M. 

Nqi 

Ibs./'tnin. 

Btu/min. 

oi  tube 

pStq. 

710 

161 .8 

33.5 

2041 

253.1 

71.2 

710 

161  .8 

56.0 

3S8: 

444.0 

76.0 

SOS 

262.9 

69.2 

4349 

539.3 

80,0 

910 

265.8 

32.6 

2041 

253.1 

69.2 

1000 

321 

32.0 

1960 

243.0 

69.2 

noo 

388.4 

31,7 

1933 

240 

69.8 

750 

180.6 

32.3 

2049 

254.1 

69.0 

490 

77.1 

32.2 

1996 

247.8 

68.6 

800 

205.4 

51 .9 

3385 

419.7 

74.8 

90S 

262.9 

51.6 

3277 

406.3 

74.6 

1000 

321 

51 .5 

3284 

407.2 

74.7 

noo 

388.4 

51.3 

3226 

400 

74. S 

595 

113.6 

51 .4 

3295 

408.6 

74.1 

500 

80.3 

50.9 

3269 

405.3 

73.2 

480 

74.0 

70.5 

4473 

554.7 

80.0 

600 

ns. 6 

70.7 

4492 

557.0 

’9.S 

700 

157.3 

70.6 

4497 

557.6 

79.7 

800 

205.4 

70.7 

4494 

557.3 

79.6 

900 

260 

70.8 

4492 

557.0 

80.0 

tooo 

321 

70.7 

4487 

556.4 

80.0 

noo 

388.4 

70.8 

4492 

SS7.0 

80.2 

noo 

388.4 

94.6 

5658 

701  .6 

86. S 

800 

205.4 

70.6 

4256 

527.7 

79.2 

800 

205.4 

51  .7 

3161 

392 

74.0 

700 

IS7.3 

33.2 

2034 

252.2 

68.  S 

800 

205.4 

SI. 8 

3152 

390.8 

73. C 

3S  800 

38  800 

37  700 

38  800 

39  600 

40  600 

41  600 

42  600 

43  900 

44  900 

45  900 

46  900 

4?  900 

48  900 

49  noo 

50  noo 


60  1000 

61  noo 

62  noo 

63  900 

64  900 

65  900 

66  900 

67  1000 


7  6  noo 

77  1000 


6" 

12“ 

IS*' 

AT 

% 

Psi 

Psi 

Psi 

“ft 

Recycle 

r® 

8.09 

8.12 

8.87 

6.51 

52.6 

0,703  * 

10.55 

10.40 

10.59 

7. 95 

44.0 

1  .028  * 

11.33 

1 1  .40 

12.47 

8.96 

43.1 

1.025  * 

4.49 

4.22 

4.94 

3.54 

60.9 

1.162 

4.18 

3.87 

4,55 

3.27 

60,0 

1 .169 

4.26 

3.89 

4.48 

3.26 

57.9 

1.132 

4.69 

4.03 

4.99 

3.55 

60.6 

.  1.233 

5.56 

4.46 

3.32 

3.96 

62.7 

1.245 

8.02 

7,95 

8.75 

6.22 

48.1 

1.173 

7.76 

7.60 

8.58 

6.04 

48.2 

1.122 

7.50 

7.43 

8.08 

S.7y 

47.7 

: .  1 2  2 

7.04 

7.10 

7.90 

5.55 

47.2 

1.125 

8.66 

8.51 

6.46 

6.55 

48.9 

1.21S 

8.89 

8.20 

5,55 

6.56 

49.8 

1.27 

12.45 

13.79 

15,05 

10,17 

38.7 

1.18 

12.45 

12.81 

9.91 

9.32 

39.0 

1.197 

11.51 

12.04 

8.53 

8.66 

39.0 

1.205 

11 .00 

11.48 

7.14 

8.24 

38.7 

1.19 

10.97 

11.19 

6.93 

8.10 

38.5 

1 .166 

10.85 

10.75 

11.59 

8.08 

38.2 

1.127 

10.15 

10.32 

n  .32 

7.72 

37.9 

1.14 

14.20 

14.40 

9.50 

10.04 

37.0 

1.12 

11. 10 

10.82 

6.76 

8.06 

40.0 

1.159 

7.18 

7.38 

7.n 

5.53 

46.4 

1.224 

4.33 

4.20 

4.42 

3.39 

56.5 

1.31 

7.60 

7.41 

7.85 

5.82 

50.7 

1.164 

S.99 

6.01 

6.46 

4.85 

48.9 

.932* 

5.56 

5.25 

5.99 

4.47 

63.4 

.964  * 

5.67 

5.43 

5.99 

4.50 

70.8 

1.027  * 

5. 35 

5.16 

5.41 

4.23 

77.1 

1.066* 

4,59 

4.79 

4.76 

3.73 

76.5 

1.02  * 

5.27 

5.64 

5.82 

4.65 

58.8 

.858* 

8.71 

9.58 

7.18 

44.0 

1.04  • 

8.92 

.. 

9.81 

7.10 

56.5 

1 .078 

8.71 

.. 

9.81 

7,01 

28.9 

1.03  •• 

.. 

10.40 

10.28 

7.79 

13.9 

.899** 

8.34 

9.23 

9.91 

0.82 

22.5 

1.015** 

9.83 

10.21 

10.41 

7.51 

14.2 

.909  ** 

9.87 

10.19 

11.36 

7.83 

14.0 

.880** 

14.66 

14.63 

13.33 

10.24 

10.8 

,962** 

9.42 

9.73 

10.50 

7.31 

42.6 

1 .107 

7.49 

7.39 

7.99 

6.04 

57.9 

.778  * 

6.90 

6.55 

7.52 

5.56 

65.1 

.866* 

14.87 

14.78 

12.81 

10.56 

41.2 

1  .024  * 

13.86 

13.82 

11.12 

9.53 

43.7 

1.093 

12.63 

12.84 

9.49 

9.43 

44.9 

1.051 

11.44 

12.07 

9.58 

8.67 

43.0 

1.10 

10.71 

11.35 

17.02 

a.  39 

30.0 

1.072 

10.38 

1 1.  .  1  3 

1 1  .7« 

8.13 

29.6 

1.063 

iO.22  n.M2  ii.55  7.98 

10.91  11.26  9.22  8.22 

12,79  12,78  10.05  9.42 

10.97  11.35  10.52  8.06 

13.43  13.94  9.34  9.94 

1  2.75  1  3.  10  1  2.83  9.41 

12.68  13.14  14.0  9.57 

14.12  14.18  9.81  10.54 

15.14  15.07  11.36  10.97 

15.62  16.39  13.16  11.70 

16.56  16.21  14.46  12.04 

3.88  8.73  8.58  6.71 

14,65  15.55  15.78  10.86 
i5.l0  15.71  11.49  10.91 

1  d(;  I  h.  06  11.46  n  .23 

1  6.14  1  6.40  1  2.75  1  1  .  60 
17.28  17.54  14.85  12.42 

18.51  18.61  15.28  13.2? 

20.0  19.66  18. bl  14.10 


*  DaU  taken  wiihin  2  hours  of  .startup 

•  Low  recycle  data 
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Ng, 


2  *^0  2  2 
_(£_  /j.  r  (r  -  Tj  )  dr 

g  1 _ 


r 

4°  ^ 
1 


dr 


.  Ng^  = 


,2  ,  ,3/2 

2  a>  /  2  2t 

"TT  ^ 

3g _ o _ J, _ 

2  2 

r  -  r, 
o  1 


2a)^  ,  2  2 

IT  '"o  -'i  > 


As  shown  before  In  Section  4.5.1,  equation  (‘F)the  parallel  acceleration  is: 


g 

The  recycle,  or  excess  liquid  to  the  boiling  side  over  that  required 
for  boilup,  was  varied  between  75%  and  10%.  The  heat  flux  was  not 
uniform  around  the  circumference  of  a  given  tube  due  to  the  nature  of  the 
test  apparatus  as  the  tube  side  not  facing  the  boiling  fluid  acted  as  a 
fin  conducting  heat  to  the  boiling  fluid  and  an  approximately  adiabatic 
surface  with  respect  to  the  test  apparatus  adjacent  to  it.  The  major 
portion  of  the  heat  transfer  took  place  on  the  side  of  the  tube  which 
contacted  the  boiling  fluid  as  on  this  side  of  the  tube  the  highest  heat 
flux  corresponded  to  approximately  19,000  Btu/(ft.)2  (hr.).  The  lowest 
heat  flux  at  which  it  was  possible  to  obtain  reliable  data  was  approxi¬ 
mately  5,000  Btu/(ft.)2  (hr.).  These  heat  fluxes  corresponded  to  vapor 
flow  rates  to  the  rotor  of  95  and  30  lb. /min.  respectively.  The  vapor- 
liquid  seal  on  the  condensing  side  required  an  equivalent  head  of 
liquid  of  5  psl.  In  order  to  generate  this  head  with  the  height  of  liquid 
provided  in  the  rotor,  the  unit  must  operate  at  no  less  than  52  rad. /sec. 
Consequently,  no  data  could  be  taken  below  this  rotational  speed. 

4,5.6  Data  Reduction 

4. 5. 6.1  Mathematical  Heat  Transfer  Model 

Since  only  half  of  each  condenser  tube  was  exposed  to  boiling 
refrigerant,  there  was  a  considerable  fin  effect  as  condensation  occurred 
on  the  unexposed  portion  of  the  tube.  Due  to  this  fin  effect,  there  was 
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a  variable  wall  temperature  around  the  circumference  of  each  tube, 

In  order  to  interpret  the  data  taken  in  the  test,  It  was  necessary  to  be 
able  to  calculate  the  heat  transferred  as  a  function  of  the  overall 
temperature  difference  between  the  boiling  and  condensing  passages, 
taking  into  account  the  variable  wall  temperature.  One  of  the  condenser 
tubes  with  its  unsymmetrical  environment  is  depicted  In  Figure  74. 

The  analytical  equations  describing  the  situation  are  too 
complicated  to  be  used  conveniently  because  of  the  unsymmetrical  heat 
transfer  configuration.  To  define  the  heat  transfer  inside  the  tube,  it 
is  necessary  to  calculate  local  values  of  the  condensing  side  AT,  the 
condensing  film  thickness  and  the  heat  flux.  There  are  two  types  of 
heat  transfer  area  within  each  tube.  One  type  Is  a  fin  with  one 
Insulated  side  while  the  other  side  is  experiencing  heat  transfer  by 
condensation.  The  other  is  primary  heat  transfer  surface,  with 
condensation  on  one  side  and  boiling  on  the  other.  Even  with  the 
primary  surface,  a  fin  effect  occurs,  due  to  the  unsymmetrical 
environment  of  the  tube. 

Expressions  for  the  pertinent  variables  in  mathematically 
describing  the  situation  within  a  tube  in  the  heat  transfer  rotor  were 
obtained  starting  with  a  heat  balance  on  an  element  of  the  wall 
of  the  tube  with  unit  length  along  the  tube,  as  shown  in  Figure  75. 

The  mathematical  analysis  follows: 


^K^TCM  _  OP  TU&B  SECTiOM 

FiGj.75 
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Q.  +  Qc  -  Qb+  ^2 

k  Adt  ,  , 

■  (t^-Vrd(t) 

.k  +^2  rd 

dt^  V^'  r^dCl)?  / 

where  — ,  r-  is  the  circumferential  temperature  qradient. 

r  d  (p,  2 

“  ^2  '  "c  ■  'w*  ■  "b 

r  d  cp, 


Letting  “  ^vv  “  '®’'’ 


.  ■ .  d  (T  -t  )  -  dt  d  0® 

■  c  yf  w _ 

r  d  (j),  r  d  (p,  r  d  (p, 


Since 


d^e® 


-  d^ 

w 

r*  d  (|),* 


d*  e  - 


solving  for  ^  -  and  substituting  T  -  -G-'  for  t 

d(|).2 


d^  -G®  c  Qo  _b _ L  (71  _  ) 

TTTa  "  k  A  ^  k„A  ^^c  'b' 

r  d  (p,  m  m 


G°  _  2  — L  _  T  ) 

k  A  ^  kh  %  ^  'h' 

d  (p,  L  m  m 


where  h^  =  B  (t  -  TJ  "  as  shown  by  Figures  40  and  41 

b  W  D 

For  the  case  where  heat  transfer  is  taking  place  on  one  side  only  (no 
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boiling  fluid  in  contact  with  the  wall  of  the  tube)  the  differential  equation 
becomes: 


d^  -G®  2 

- 5-  =  r 

d  C(),2 


h  C, 
c  ' 

k  A 
m 


■0° 


Assuming  that  heat  transfer  through  the  condensate  film  is  by  conduction^ 
the  relation  between  the  condensing  heat  transfer  coefficient  and  this 
film  thickness  is  given  by: 


The  derivation  for  Y,  the  condensing  film  thickness,  is  obtained  from 
Hassan  and  Jakob  (Ref.  19)  with  the  following  alterations:  For  conduction 
through  the  liquid  film  of  condensed  fluid  of  thickness  Y  and  unit  length 
(C,)  along  the  tube: 


dO  ®  ^  r  d  C|), 


Furthermore  from  the  latent  heat  supply:  ^  =  d  (Y  V  ’  cos  ^  p  \  }  Btu/ft.hr. 
for  unit  length  along  tube.  C, 

The  angled"  and  its  complement  p  are  shown  in  Figure  76,  along  with  the 
relationship  to  angles  a”and  f  ,  previously  defined.  As  shown,  V  cos  ir 
is  the  condensate  velocity  component  in  the  radial  direction.  It  can  be 
is  expressed  by  the  following  relation  (Ref.  19): 

2 

0  Y  q  Nq  sin  B 
3  n 


shown  that  V 

V  = 


where  p  is  the  angle  between  the  flow  path  and  the  plane  normal  to  the 
radius  vector  . 


Substituting: 


dQ 


la.  Ng 

3  u 


sin  3 


cos  ^  Y^ 
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lakob  has  shown 

sin  p  cos  ^  =  cos  a  sin  ({), 

where  a  is  the  angle  between  the  direction  of  the  acceleration  field 
and  the  normal  to  the  tube  axis.  Substituting  this  expression: 


dQ  =  d  ( - ^  —  cos  a  sin  (t),  Y^) 

3  u 

Performing  the  differentiation 

^  ^  cos  S  (sin  <1),  3Y^  ^  +  Y^  cos  (|),) 

also 

©0 


Solving  for  the  rate  of  change  of  the  film  thickness  with  respect  to 
the  angular  distance  around  the  tube: 


dY 


0  2  g  Ng  X  cos  a 


0  Y  A. 

- - —  -  3  •=’>*  <l>.  (51) 

Y  sin  (J>, 


The  expression  for  Q,  the  heat  flux,  can  be  written  directly  from  the 
considerations  involved  in  deriving  the  film  thickness  differential 
equation: 


Equations  50,  51  &  52  form  a  system  of  equations  which  can  be  integrated 
simultaneously.  The  Runge”Kutta  numerical  integration  procedure  (Ref.  39) 
was  used  as  the  basis  for  a  computer  program  (Burroughs  205)  by  making 
the  following  substitution  in  Equation  50. 
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Letting  d0°  _  „ 
dCj).  =  2 

•  •  dCj),^  d©i 

The  analysis  has  produced  a  system  of  four  first  order 
ordinary  differential  equations,  to  which  the  Runge-Kutta  procedure 
is  applicable.  In  essence  the  system  is: 


dQ°  , 

d$7  ^1 


d(J), 


where  f 

n 


f  (Cj)..  Y) 


f 


3 


f 

dCj),  4 

This  set  of  equations  is  a  boundary  value  problem;  therefore,  a 
system  of  trial  and  error  is  necessary  to  determine  the  solution. 
The  computer  program  is  described  in  detail  in  Appendix  IX. 

The  computer  program  was  used  to  calculate  heat  transfer 
within  the  rotors  for  eleven  different  cases.  The  pertinent  para¬ 
meters  for  these  cases  were  obtained  from  average  conditions  at 
which  the  experimental  data  was  subsequently  taken.  The  para¬ 
meters  common  to  all  the  cases  were  the  following: 
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Physical  Properties _  Tube  Parameters 


P,  =  65  psig  T  =  526°R 
b 

P  =78.4  pslg  T  =  536°R 
c 

\  =  59.5  Btu/(lb.) 

p  =  92.0  lb. /(ft. 

=  0.620  lb./(ft.)(hr.) 

’^L  =  0.0498  Btu/(hr.)(ft.)(°R) 

^4  o 

h,  =  4100  (AT,  )•  Btu/ft.^hr.oR 
b  b 


r  =  0.01233  ft. 

0.001333  ft.^ 

(wall  thickness 
of  1  6  mil . ) 

C,  =  1  ft. 

k  =  93  Btu/Jir.)(ft.)(‘>R) 

m 

(aluminum) 


Cases  1-4  determined  the  effect  of  variations  in  the  transverse 
acceleration;  cases  5-7,  the  effect  of  the  condensate  blanketing 
angle;  and  cases  8-11,  the  effect  of  changing  the  overall  AT,  Table 
No.  14  lists  the  results  of  these  computer  calculations.  The  heat  transfer 
calculated  in  Btu/ft.hr.  per  tube  is  the  total  heat  transfer  of  the  tube  per 
foot  of  length. 


TABLE  14 


theoretical  heat  transfer  in  UCON  fluid  TEST  ROTOR 

Q 


Case 

Ngt 

d)'  dearees 

AT  °R 
o 

Btu/(hr.)(ft.) 
per  tube 

1 

75 

10° 

10 

480.4 

2 

174 

10° 

10 

556.9 

3 

275 

10° 

10 

603.7 

4 

400 

10° 

10 

644.3 

5 

275 

20° 

10 

597.8 

6 

275 

30° 

10 

591.4 

n 

! 

275 

50° 

10 

572.6 

8 

75 

10° 

5 

252.8 

9 

275 

10° 

5 

312.3 

10 

75 

10° 

15 

691.9 

11 

27  5 

10° 

15 

874.3 
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Figure  77  plots  cases  1-4,  showing  the  effect  of 
variation  In  the  transverse  acceleration.  The  effect  of  varying 
the  condensate  blanketing  is  shown  In  Figure  78  (cases  3,  5-7), 

A  blanketing  angle  of  50°  corresponds  to  13.9%  of  the  circumference 
of  the  tube,  but  results  in  only  5.2%  reduction  of  the  heat  transfer 
when  compared  to  the  standard  case  of  a  blanketing  angle  of  10*. 

This  is  reasona''le  since  the  condensate  trough  is  formed  over  that 
portion  of  the  tube  where  the  film  on  the  walls  is  the  thickest.  The 
relationship  between  the  blanketing  angle  and  the  relative  rates  of 
heat  transfer  as  shown  in  Figure  78  was  assumed  to  apply  at  all 
values  of  Ng  and 

The  magnitude  of  the  blanketing  angle  as  a  function  of  the 
condensate  flow  rate  and  the  acceleration  directed  parallel  to  the 
condenser  tubes  (calculated  by  means  of  equation  (47)^Sectlon  4.5.1) 
was  determined  by  the  Chezy  formula.  This  derivation  is  given  in 
Appendix  VI.  Point  values  of  the  angle  subtended  on  the  circumference 
of  the  tube  by  accumulated  condensate  were  calculated  by  the  Chezy 
formula  and  plotted  as  a  function  of  the  flow  rate  of  condensate 
for  rotational  speeds  of  500,  700,  900,  and  1100  rpm  (52.3,  73.3, 
94.2,  115.2  rad. /sec.).  With  the  assumption  that  the  condensate 
flow  rate  changes  linearly  along  the  length  of  the  tube,  the  average 
blanketing  angle  was  obtained  as  the  integrated  values  over  the  length 
of  tube . 

Given  the  curves  for  calculated  point  values  ^of  4  versus 
Ng  and  flow  rate  and  that:  w  =  constant  (s)  (w  =  O  at  beginning  of 
tube) . 

/  (t)'  dw 

^'=  I  dw 


dw  =  constant  (ds) 

'  =  constant  /  6' d 

constant  / 


J  d)'  ds 
;  ds 


Therefore: 


^  j  dw  /  d  s 

so  integration  of  the  (j)'  curves  given,  in  the  above  fashion,  for  each 
rotational  speed  will  yield  a  proper  4^'  over  the  tube  length.  This  in¬ 
tegration  is  performed  graphically.  (Ref .  23,  p. 90)  53ASRP-2391 
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The  results  of  these  calculations  are  shown  In  Figure  79. 

The  variation  of  heat  flow  in  the  UCON  rotor  as  a  function 
of  the  total  temperature  difference  between  boiling  and  condensing 
fluids  depends  upon  the  fraction  of  the  total  temperature  difference 
split  between  the  two  resistances  on  the  condensing  and  boiling 
sides.  The  Nusselt  correlation  for  condensing  heat  transfer 
indicated  the  rate  of  heat  transfer  within  the  tube  was  proportional 
to  the  temperature  difference  between  the  vapor  and  the  walls 
■of  the  tube  raised  to  the  3/4  power  since  the  film  coefficient 
is  a  function  of  AT  .  However,  the  rate  of  heat  transfer  on 
the  exterior  of  the  tubes  was  proportional  to  the  temperature 
difference  between  the  wall  and  the  fluid  raised  to  the  1 .54  power. 

This  relation  was  determined  from  data  taken  on  the  special  boiling 
surface  with  UCON  -  12  at  elevated  pressures.  This  data  was 
represented  by  the  following  equation:  which  defines  a  curve  (not 
shown)  on  Figure  42  for  boiling  at  the  pressures  (65-70  psl)  deduced 
from  Table  13. 

Q/Aj^  =  4100  (AT)j^^‘^'^  (53) 


The  results  of  the  computer  calculations  (cases  I,  3, 

8-11)  dealing  with  the  effect  of  the  overall  temperature  difference 
on  Q,  were  expressed  in  terms  of  Equation  54. 

_  _  at  ni 

^AT  “  ^10®  {—P)  (54) 

o  10 


Q  ioo‘;yas  the  heat  flow  at  a  ATq  =  10®,  (j)'  =  10®  and  a  given 
Ngt.  was  the  heat  flow  at  Identical  conditions  except  for 

ATo.  ^10®  Is  shown  in  Figure  77.  The  computer  results,  as 
shown  in  Figure  80,  indicated  that  m  in  equation  (54)  varied  be¬ 
tween  0.90  and  0.96.  The  same  results  are  cross  plotted  In  Figure 
81  . 
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Figure_82  shows  the  mean  heat  flow  in  the  UCGN  reboiler- 
condenser,  Q ,  as  a  function  of  the  average  temperature 
difference  and  average  transverse  acceleration.  Ng^  .  The 
mean  blanketing  angle  was  a  function  of  and 
as  shown  in  Figure  79  where  AT  is  represented  by  the  condensate 
flow  rate .  °  _ 

Figure  82  was  developed  as  follows: 

In  Figure  77  ^  lO^R  =  Function  where  AT^  = 

10“R,.  (f)'  =  10®,  O'  is  the  average  heat  transfer  per  foot  of 
tube . 


From  Figure  81,  ^ATq  was  calculated,  as  here  *^AT|^  = 
^10°R(^°)'^.  Thus  fora  given  Ngt  ,  QlO°Ris  known  from 
Figure  77,  and  m  is  known  for  each  ^'^o  selected,  so  therefore, 
is  known. 


The  flow  of  condensate  could  then  be  calculated  as 


W  = 


'AT, 


where  \  and  tube  length  (S)  are  known. 


Using  Figure  79,  the  mean  condensate  blanketing  angle 
^  '  ,  could  be  determined  for  each  and  the  condensate  flow 
rate . 

Using  Figure  78,  *^AT^  was  corrected  for  condensate 
blanketing .  The  flow  of  condensate  is  determined  again,  then 
the  blanketing  angle  and  QaTq  is  corrected  agalQ..  This 
procedure  is  continued  until  no  further  correction  on  QaTq  is 
necessary. 

4. 5. 6. 2  Analysis  of  Experimental  Heat  Transfer  Data 

The  computer  program  gave  a  rigorous  prediction  of  the 
local  rate  of  heat  transfer  when  the  local  values  of  acceleration, 
overall  temperature  difference  and  level  of  accumulated  condensate 
were  specified.  This  program  could  be  used  to  calculate  the  average 
rate  of  heat  transfer  in  a  rigorous  way,  by  numerical  or  giaphical 
integration  using  a  number  of  radial  Increments,  each  calculated  using 
the  correct  local  values  of  the  variables.  However,  the  results 
reported  herein  were  obtained  by  using  the  computer  program  with 
average  values  of  the  acceleration,  temperature  difference,  and 
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condensate  level.  Estimates  of  the. difference  between  the  two  methods 
indicated  that  the  agreement  was  good,  making  it  unnecessary  to  apply 
the  more  lengthy  method  to  each  run. 


The  average  acceleration  for  each  run  was  determined  by  integra¬ 
tion  of  the  centrifugal  component  perpendicular  to  the  tube  axis  along 
the  length  of  the  tube.  This  integral  divided  by  the  total  length  of  the 
tube  resulted  in  the  Integrated  average  transverse  acceleration  utilized 
for  stripping  the  condensate  from  the  walls  of  the  tube.  For  convenience, 
a  mean  radius  on  the  rotor  was  defined  such  that  the  total  centrifugal 
acceleration  at  that  point  was  equal  to  this  average  transverse  accelera¬ 
tion  over  the  whole  length  of  the  tube. 


CB  r  sin 


ds 


2 

CD  r 


2  2 1  2  r 

=  CD  r„  -  r  , 


Since 


m 


m  s 

^  3^  ‘o  ‘  i  '  ' 

3  r^  =  18" 

(The  derivation  of  this 

11.31" 

equation  is  shown  in  section 
4.5.5) 

The  average  temperature  difference  was  determined  for  each 
run  by  assuming  the  liquid  and  vapor  were  saturated  at  all  points  along 
the  rotor.  The  three  transducers  located  at  6  in.,  12  in.,  and  18  in, 
radial  locations  indicated  the  pressure  difference  between  the  condensing 
and  boiling  fluids.  These  transducer  readings  were  averaged  and  the 
corresponding  AT  obtained  from  the  vapor  pressure -temperature  relation¬ 
ship  of  UCON-12.  For  those  runs  where  the  AT  decreased  at  the  outer 
periphery  the  average  of  the  two  inner  readings  was  used.  The  procedure 
was  followed  because  the  decrease  in  the  temperature  difference 
occurred  near  the  periphery  of  the  rotor  and  was  not  representative  of 
much  of  the  active  heat  transfer  area. 

4. 5. 6, 3  Comparison  of  Experimental  Data  with  Theoretical  Model 

The  experimental  data  are  shown  in  Table  13.  The  final  results 
are  reported  as  the  latio  of  experiiviental  to  calculated  heat  transfer  rates , 
This  ratio,  which  in  essence  is  an  improvement  factor  applied  to  Nusselt's 
analysis  for  condensation  of  UCON  fluid  inside  a  tube,  is  presented  in 
Figure  83,  as  a  function  of  the  average  transverse  gravitational  field. 

This  factor  varies  between  approximately  1.21  and  1.10  over  the  range  of 

accelerations  equal  to  75-400  Ng .  Figure  83  presents  experimental  proof 
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of  the  value  of  the  special  boiling  surface  an4  condensation  at  high  Ng, 

Of  the  68  data  points  taken  on  the  rotor,  48  are  presented  on  this  graph. 
The  other  20  points  are  not  presented  on  the  plot  of  the  performance  for 
the  following  reasons.  It  was  observed  that  the  heat  transfer  performance 
Improved  after  startup,  taking  about  two  hours  to  reach  steady  state. 

This  effect  can  be  observed  in  runs  39-42  where  data  taking  was 
started  shortly  after  liquid  was  introduced  to  the  rotor.  With  no  change 
in  the  operating  condition  the  F®  factor  increased  from  0,93  to  1,07  over 
a  period  corresponding  to  approximately  one  hour.  On  several  subse¬ 
quent  days  data  was  taken  during  this  initial  period  to  determine  the 
duration  and  magnitude  of  the  transient  effect.  It  was  concluded  that  after 
two  hours  there  was  no  further  change  in  performance.  There  did  not 
appear  to  be  a  hysteresis  effect.  Tests  were  made  in  which  the  over-all 
AT  was  increased,  followed  by  a  return  to  the  previous  value  with  no 
increase  in  performance  over  that  expected  from  the  interval  of  time 
elapsed.  Whether  the  cryogenic  reboiler-condenser  would  require  an 
induction  period  will  be  determined  in  a  future  experimental  program.  The 
data  points  taken  less  than  1-1/2  hours  after  startup  were  Run  No.  13 -15, 
39-45,  and  54-56. 

■  The  recycle  rates  (the  liquid  supplied  in  excess  of  the  bollup, 
expressed  as  a  percentage  of  the  total  liquid)  was  varied  from  10  to  75 
per  cent.  When  the  recycle  liquid  dropped  below  30  per  cent,  the 
performance  dropped  off.  It  was  expected  that  there  would  be  a  lower 
limit  on  the  allowable  recycle  liquid.  There  are  several  factors  that 
could  explain  the  poorer  performance  at  low  recycle.  Portions  of  the 
boiling  surface  may  actually  have  run  dry  due  to  Imperfections  in  the 
liquid  distribution.  With  a  higher  percentage  of  excess  liquid,  slight 
maldistribution  of  the  liquid  would  not  be  harmful.  There  also  could  be 
deposition  of  oil  or  grease  on  the  boiling  surface  since  there  was  only 
a  small  quantity  of  liquid  left  at  the  outer  portion  of  the  rotor,  in  which 
the  nonvolatiles  would  be  concentrated.  Those  data  points  taken  with  a 
recycle  rate  of  less  than  30  per  cent  are  runs  47-5  2  and  64. 

Since,  as  shown  in  Section  4.5.4,  UCON-12  was  chosen  to 
best  simulate  02”N2  conditions,  it  is  expected  that  the  same  results 
obtained  in  the  UCON  heat  transfer  rotor  studies  would  prevail  in  a 
cryogenic  rotating  air  separator  reboiler-condenser. 

The  UCON  test  rotor  heat  transfer  studies  were  undertaken 
to  verify  the  improvement  shown  in  the  pool  boiling  and  high-G  cryostat 
studies.  Figure  83  provides  verification  of  this  improvement. 
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Since  the  UCON  test  rotor  experiments  were  made  for 
verification  purposes,  design  work  should  use  the  film  coeffi¬ 
cient  correlations  for  boiling  on  the  special  boiling  surface  and 
the  condensing  film  coefficient  improvement  curves  for  the  porous 
condensing  surfaces  along  with  the  basic  Nusselt  equation  for  a 
condensing  film  coefficient  corrected  for  blanketing  angle  and 
gravitational  field.  Section  6,  the  Preliminary  Design  and  Analysis 
section  of  this  report,  will  present  a  procedure  for  use  of  heat 
transfer  equations  in  design  of  a  cryogenic  reboller-condenser. 

4. 5. 6. 4  Fluid  Flow 

Three  strain  gauge  differential  pressure  transducers  were 
located  along  the  UCON  heat  transfer  disks  at  three  different 
radial  locations  as  discussed  previously.  The  high  pressure  ports 
were  connected  to  the  inside  of  the  condenser  tubes  at  these  radial 
locations .  The  low  pressure  or  reference  chambers  were  connected 
to  the  3/16  in.  annular  space  between  the  rotors.  With  this 
arrangement  a  direct  reading  of  the  pressure  difference  between  the 
inside  and  outside  of  the  condenser  tubes  was  obtained  at  three 
different  locations  along  the  length  of  the  tube.  The  pressure  profile 
on  the  interior  of  the  tubes  was  calculated  for  different  UCON  fluid 
pressures.  This  pressure  rise  through  the  condenser  tubes  was  caused 
by  the  hydrostatic  head  of  the  vapor  under  high  gravitational  fields. 

At  the  maximum  flow  rates  of  vapor  encountered  in  the  experimental 
work,  the  frictional  drop  through  the  tubes  was  negligible.  Similarly, 
the  pressure  drop  due  to  conversion  of  the  liquid  to  vapor  and  the 
resulting  increase  in  velocity,  was  negligible.  The  calculated 
pressure  rise  within  the  tubes  is  shown  in  Figure  84.  The  angular 
velocity  of  the  vapor  was  known  at  all  points  along  the  tubes  since 
the  vapor  is  brought  to  the  rotational  speed  of  the  rotor  at  all  points 
by  the  tubes . 

The  pressure  rise  in  the  annular  space  between  the  tube 
disks  between  the  inlet  and  outlet  was  obtained  from  the  pressure 
transducers  mounted  at  the  6  in.  and  18  in.  radial  location.  The 
pressure  rise  in  the  boiling  passage  was  derived  by  calculating  the 
condensing  side  pressures  at  each  end  of  the  tube  and  correcting  to  boiling 
side  pressure  with  Liie  Liansuucer  AP  measurements.  The  condensing  side 
AP  can  be  calculated  since  it  is  a  single  phase  fluid  -  the  boiling  fluid  is 
a  two-phase  mixture. 
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All  the  data  taken  on  the  UCON  reboiler-condenser  was  divided 
into  five  groups  according  to  the  bollup  vapor  rates.  The  pressure 
rise  in  the  boiling  passage  as  a  function  of  normal  average 
centrifugal  acceleration  is  presented  in  Figure  85 .  The  normal 
average  gravitational  field  for  the  boiling  passage  is  defined  as 
follows: 

2 

~  _  /  cu  r  ds  (Refer  to  Appendix  VII 

^b~  /  ds  Section  4,5.1  and  4.5.5) 

Since  the  fluid  flow  in  the  boiling  passage  is  directed 
radially  outward.  ds  =  dr 
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In  this  case,  the  mean  radius  is  the  arithmetic  average  of 
the  inner  and  outer  radii.  It  was  observed  that  for  about  one  third 
of  the  runs,  the  pressure  difference  between  the  condensing  and 
boiling  streams  was  considerably  less  at  the  18  in.  radial  location 
than  at  either  the  6  in.  or  12  in.  location.  In  all  the  runs,  the  pressure 
in  the  boiling  passage  increased  as  the  radial  distance  increased. 

In  most  runs,  the  pressure  rise  was  slightly  less  than  that  calculated 
for  a  hydrostatic  head  rise  assuming  a  vapor  core  having  the  angular 
velocity  of  the  rotor.  This  was  consistent  with  a  small  amount  of 
slip  between  the  vapor  and  the  rotor,  needed  to  bring  the  vapor  to 
the  angular  velocity  of  the  rotor.  In  the  minority  of  runs  mentioned 
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above,  the  pressure  rise  in  the  outermost  part  of  the  rotor  became 
greater  than  the  calculated  vapor  hydrostatic  head . 

It  was  also  observed  that  for  each  boilup  rate,  there  was 
a  distinct  discontinuity  in  the  rel^ion  between  pressure  drop 
through  the  boiling  passage  and  Ngj^,  as  shown  in  Figure  85. 

This  transition  point  occurred  at  larger  accelerations  for  the  higher 
boilup  rates.  The  runs  with  a  high  value  of  pressure  rise  in  the 
boiling  passage  at  the  outermost  part  of  the  rotor  were  those  which 
established  the  curve  at  that  side  of  the  transition  point  at  which 
high  over-all  AP's  through  the  boiling  passage  occurred.  All  such 
runs  occurred  at  low  Ng]^  for  a  given  boilup  rate. 

A  suggested  explanation  for  these  results  is  as  follows. 

In  most  cases,  segregated  flow  was  maintained  in  the  boiling  passage, 
with  the  vapor  flowing  as  a  core  in  the  center  of  the  passage,  between 
two  films  of  liquid.  Vapor  generated  as  the  fluid  traveled  radially 
outward  tended  to  entrain  liquid,  and  in  some  cases  enough  liquid 
was  entrained  to  allow  development  of  the  bubble  or  slug  modes  of 
two-phase  flow  at  the  outer  edge  of  the  rotor.  The  average  density 
of  the  two-phase  mixture  was  greater  than  that  of  vapor,  and  thus, 
the  hydrostatic  head  developed  was  greater.  Evidently,  higher  flow 
rates  tend  to  favor  development  of  mixed  flow  and  higher  Ngj^  tends 
to  oppose  it,  with  the  net  results  shown  in  Figure  85. 

The  trend  of  the  transition  points  in  Figure  85  is  shown  in 
Figure  86.  Smoothed  results  in  the  pressure  drop  through  the  boiling 
passage  are  shown  in  Figure  87 .  For  the  UCON  rotor  tested,  with  a 
spacing  of  3/16  in.  between  crests  of  opposing  tubes  in  the  tube  sheets, 
two-phase  mixed  flow  was  encountered  for  the  entire  range  of  centri¬ 
fugal  accelerations  at  vapor  boilup  rates  of  90  lb,  per  min.,  while  a 
segregated  vapor  core  was  maintained  for  practically  all  accelerations 
at  vapor  boilup  rates  of  30  lb.  per  min.  The  intermediate  boilup  rates 
exhibited  transitions  between  these  two  extremes. 

Since  the  reasons  for  this  unusual  two-phase  flow  behavior 
are  not  yet  understood,  it  is  impossible  at  this  time  to  predict  under 
what  conditions  mixed  flow  (nonsegregated)  will  occur  when  boiling 
oxygen  .  It  should  be  pointed  out  that  the  occurrence  of  mixed  flow 
at  the  outer  periphery  of  the  rotor  is  beneficial  from  a  heat  transfer 
standpoint  in  that  it  effectively  Increases  the  average  over-all 
temperature  difference  in  the  reboiler-condenser.  Because  of  this, 
further  work  should  be  done  to  promote  a  better  understanding  and  thus 
allow  exploitation.  ASRP-2391 
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5.0  mERIMENTAt  PROGRAM  IN  SUPPORT  OF  MECHANICAL  DESIGN  OF 
BOILERPLATE  SEPARATOR 

5 . 1  Introduction 

In  order  to  design  a  rotary  boilerplate  separator  it  was  necessary 
to  undertake  supporting  experimental  work  in  a  number  of  mechanical 
areas.  Aside  from  fabrication  problems  which  required  solution,  the 
unusual  problems  encountered  in  a  rotary  air  separator  are  associated  with 
the  transport  of  fluids  between  the  various  separator  components. 

Examples  are  the  transfer  of  kettle  liquid  from  the  periphery  of  the  high 
pressure  column  radially  Inward  against  the  centrifugal  field  to  the  low 
pressure  column  and  the  need  for  withdrawing  liquid  from  the  periphery  of 
the  low  pressure  column  into  a  stationary  diffuser.  Transfer  of  kettle 
liquid  has  to  be  accomplished  in  a  controlled  fashion  to  avoid  bypass¬ 
ing  vapor  through  the  transfer  line.  Design  of  a  simple,  reliable  control 
system  required  knowledge  of  the  two-phase  pressure  drop  encountered 
in  radial  inward  flow  of  a  boiling  liquid  against  a  gravitational  field, 
and  experimental  work  on  the  operation  of  control  components  in  a  high 
gravitational  field.  Withdrawal  of  liquid  at  the  periphery  of  the  low 
pressure  column  required  design  of  an  effective  peripheral  seal  to  avoid 
excessive  loss  of  liquid  and  a  peripheral  diffuser  capable  of  recovering 
part  of  the  kinetic  energy  of  the  liquid  stream  in  the  form  of  static  pressure. 
Effort  in  both  areas,  the  peripheral  seal  and  diffuser,  was  required  to 
arrive  at  a  workable  design. 

Consequently,  the  work  described  in  this  section  covers  two- 
phase  flow  transfer  control  systems,  peripheral  seals  and  diffusers, 
and  fabrication  techniques  for  mass  transfer  and  heat  transfer  elements. 

5 . 2  Summary 

Experimental  data  have  indicated  that  a  satisfactory  centrifu¬ 
gal  seal  can  be  designed  for  peripheral  liquid  withdrawal  .  The 
seal  can  tolerate  pressure  differences  close  to  the  theoretical  maximum 
wlth'^ut  significant  leakage. 

The  objective  of  the  peripheral  diffuser  is  to  convert  the  kinetic  en¬ 
ergy,  which  is  contained  in  liquid  streams  removed  at  the  rotor  periphery,  into 
static  pressure.  Experimental  and  analytical  work  with  some  design 
innovations  led  to  the  prediction  that  25  per  cent  of  the  kinetic  energy 
would  be  recovered  in  a  unit  designed  to  separate  100  lb. /sec,  of  air. 

This  relatively  small  recovery  is  characteristic  of  small  flow  passages 
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because  of  large  boundary  layer  losses.  It  Is  predieted  that  the  large 
flow  rates  and  enlarged  passage  geometry  of  the  full-scale  2000 
lb. /sec.  unit  will  greatly  Improve  diffuser  performance, 

Experimental  and  analytical  work  yielded  a  working  relation¬ 
ship  to  calculate  pressure  drop  encountered  In  two-phase  flow 
against  a  gravitational  field.  A  computer  program  was  developed 
to  apply  this  correlation  to  radial  Inward  flow  of  a  boiling  liquid. 

A  control  valve  system  to  be  completely  contained  Inside  a 
rotating  system  was  developed  and  successfully  tested.  This 
valve  system  will  be  used  to  control  kettle  and  shelf  liquid  transfers 
from  the  high  pressure  column  to  the  low  pressure  column. 

Laboratory  testing  has  shown  that  the  Pace  Variable 
Reluctance  Transducer  would  be  suitable  for  pressure  measurement 
In  high  gravitational  fields  and  at  cryogenic  temperatures. 

Investigation  Iti  the  area  of  .reboller-condenser  fabrication 
led  to  the  conclusion  that  the  most  practical  method  of  construction 
Is  to  assemble  the  unit  from  45  Individual  disks,  Each  disk 
consists  of  Individual  curved  tubes  which  are  aligned  side  by  side 
and  brazed.  Construction  details  are  similar  to  the  UCON  fluid 
test  rotor,  described  In  Appendix  VIII. 


Experimental  and  analytical  work  In  mechanical  areas  has 
fulfilled  the  primary  purpose  of  laying  the  foundations  for  design, 
fabrication,  and  test  of  a  100  lb. /sec.  boilerplate  separator.  By 
virtue  of  the  boilerplate  mission  (establishment  of  functional 
feasibility,  parametric  functional  testing,  suitability  for  testing 
of  different  heat  transfer  and  mass  transfer  modules)  lightweight 
design  features  had  to  be  subordinated  to  other  requirements  in  the 
design  of  the  boilerplate  model.  The  next  logical  step  In  establish¬ 
ing  feasibility  of  a  rotating  high  capacity  distillation  separator  is 
design,  construction  and  test  of  a  small  scale  lightweight  unit.  It 
is  recommended  that  future  analytical  and  experimental  mechanical 
work  concentrate  upon  the  necessary  foundations  for  design  and 
construction  of  such  a  lightweight  model. 

Specifically  work  Is  recommended  In  the  area  of  lightweight 
fabrication  techniques  to  effect  integration  of  the  present  functional 
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design  concepts  with  lightweight  mechanical  construction  and  to  provide 
for  maximum  structural  utilization  of  functional  elements.  Many  light¬ 
weight  fabrication  techniques  are  currently  available  for  large  stationary 
equipment  as  well  as  for  small  to  medium  sized  rotating  machinery. 
However,  the  former  frequently  lack  the  precision  required  for  maintaining 
necessary  force  balances  in  a  rotating  apparatus  with  internal  circula¬ 
tion  of  two  fluid  phases  while  the  latter  are  largely  unapplicable  because 
of  size  and  nature  of  the  structure  under  consideration, 

A  second  area  which  is  recommended  for  intensive  future  study 
is  concerned  with  internal  transport  of  fluids  within  the  separator,  since 
operational  and  mechanical  stability  of  the  separator  will  largely  depend 
upon  how  well  transfer  and  distribution  of  fluids  are  accomplished  inside 
the  separator.  For  this  reason  additional  effort  is  recommended  on 
refinement  of  two-phase  pressure  drop  correlations  and  design  of  the 
internal  control  valve  and  signal  systems. 

Another  area  recommended  for  additional  work  is  concerned 
with  the  radial  inward  transport  of  saturated  liquid  from  the  periphery 
where  only  a  small  pressure  driving  force  is  available.  Currently,  two 
alternate  approaches  appear  applicable;  1)  withdrawal  of  liquid  from  the 
rotor  through  a  stationary  diffuser  and  transport  to  the  center  of  the 
device  in  a  stationary  line,  and  2)  generating  the  required  pressure  for 
radial  inward  transport  of  liquid  by  means  of  pumps  located  at  the  rotor 
periphery.  It  is  recommended  to  subject  the  two  competing  systems  to 
further  experimental  and  analytical  study  to  refine  applicable  designs 
and  determine  which  system  offers  more  promise  for  future  use  in  flight- 
weight  models.  In  the  case  of  pumps  this  will  require  evaluation  of 
possible  drive  means  and  design  penalties  due  to  location  of  the  pump 
in  a  high  gravitational  field. 

,  .  Finally,  work  is  recommended  in  the  area  of  large  rolling  contact 
bearings  since  it  may  be  necessary  to  develop  special  design  bearings 
which  will  accommodate  large  rates  of  differential  thermal  contraction 
between  the  structural  support  elements  (e.g.  aluminum)  and  the  bearing 
races  which  have  to  be  made  from  hardenable  steels  for  adequate  load 
carrying  capacity  and  life. 

5.3.1  Peripheral  Seal  Design  Considerations 

Two  basic  types  of  seals  were  considered  to  fill  the  requirement 
of  dynamically  sealing  liquid  at  a  large  diameter  against  a  moderate 
pressure  differential.  They  were: 
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a.  A  centrifugal  type  seal  consisting  of  blades  attached 
to  the  rotor  wall  which  generate  a  head  equal  in  magnitude 
and  opposite  in  direction  to  the  pressure  differentiar across 
the  seal. 


b.  A  family  of  contact  type  seals  which  seal  by  virtue 
of  rubbing  contact  between  a  rotating,  low-friction  seal  face 
and  a  stationary  surface. 

The  general  configuration  of  the  centrifugal  type  seal  is 
shown  in  Figure  88.  It  consists  of  thin  radial  blades  attached  to 
the  rotor  side  walls  near  the  periphery  of  the  rotor.  A  close 
clearance  has  to  be  maintained  between  the  blades  and  the  stationary 
surface  for  the  seal  to  be  effective.  To  reduce  the  risk  due  to 
periodic  contact  between  the  blades  and  the  stationary  wall  and 
also  the  accuracy  required  in  axial  alignment,  the  blades  are  fab¬ 
ricated  from  a  filled  Teflon  material.  Thus,  periodic  contact  will 
not  seriously  damage  either  the  blades  or  the  stationary  wall. 


A  centrifugal  seal  is  theoretically  capable  of  developing 
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as  shown  in  the  theoretical  discussion  of  the  centrifugal  seal 
presented  in  Appendix  X. 

The  contact -type  mechanical  seal  is  Illustrated,  by  several 
designs  as  shown  in  Figures  89  and  90.  The  major  problem  encounter¬ 
ed  in  the  operation  of  such  a  seal  is  the  excessively  high  surface  speeds 
at  the  contact  face .  The  large  rotor  diameters  and  moderate  rotational 
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speeds  eouple  to  give  surface  speeds  of  300  fps  or  18,000  ipm 
which  is  considerably  higher  than  those  of  the  present  atate-of- 
the-art  experience.  Data  for  various  combinations  of  wear  surface 
materials  operating  at  cryogenic  temperatures  exists  for  surface  speeds 
an  order  of  magnitude  lower  than  those  of  the  present  design.  Another 
problem  with  the  contact-type  seal  Is  that  In  the  ultimate  design  the 
stationary  mating  surface  must  be  aluminum  due  to  the  differential  thermal 
expansion  problems  encountered  If  another  material  is  used.  In  general, 
the  aluminum  alloys,  even  If  anodized,  provide  poor  wear  surfaces  In 
cryogenic  service. 

In  the  light  of  the  relative  lack  of  knowledge  concerning  wear 
and  friction  at  these  excessive  surface  speeds,  It  was  decided  to 
concentrate  most  of  the  research  effort  on  the  more  readily  feasible 
centrifugal  type  seal,  although  some  Investigations  were  carried  out 
concerning  the  high  speed  wear  characteristics  of  a  filled-Teflon  seal 
running  against  an  anodized  aluminum  surface. 

To  generate  design  information  for  the  detailed  design  of  a 
large  diameter  seal,  an  experimental  program  was  carried  out. 

5.3.2  Peripheral  Seal  Experimental  Apparatus 

A  rotating  air-water  tester  was  designed  to  serve  as  a  test 
device  for  examining  both  peripheral  seal  and  diffuser  designs  and  to 
study  the  phenomena  associated  with  two-phase  flow  against  a  gravi¬ 
tational  field.  A  layout  of  the  device  Is  shown  in  Figure  91.  The 
function  of  the  machine  Is  to  accelerate  fluids  (air  and  water), which 
are  introduced  at  the  shaft  centerline,  to  the  tip  speed  of  the  rotor.  At 
the  rotor  periphery,  the  fluid  is  ejected  through  an  orifice  slot  Into  the 
clearance  between  the  rotor  and  the  casing  at  which  point  a  seal  is 
required  to  prevent  the  fluid  from  passing  Into  the  casing.  Ample  test 
areas  were  provided  in  the  machine  to  facilitate  the  Investigation  of 
different  seal  configurations. 

The  flow  and  instrumentation  diagram  for  the  apparatus  as  used 
in  both  the  seal  and  diffuser  tests  is  shown  In  Figure  92.  A  closed 
water  system  was  employed  with  a  1000  gallon  tank  serving  as  water 
storage.  Water  was  circulated  by  a  Turbocraft  1x2x6  series  2000 
centrifugal  pump  located  between  tank  and  tester.  The  water  flow  rate 
was  controlled  manually  with  a  valve  at  the  rotor  inlet .  With  the  pump 
by-pass  valve  slightly  open,  a  wide  range  of  flow  rates  could  be 
obtained  by  manipulating  the  inlet  valve .  The  main  water  circuit  was 
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also  provided  with  a  globe  valve  located  downstream  from  the  rotor  to 
control  diffuser  back  pressure.  The  water  flow  was  measured  by  a  Potter 
turbine  flow  meter  located  between  the  pump  and  the  control  valve.  The 
recorder  receiving  the  signal  from  the  flow  meter  was  situated  so  that  the 
setting  of  the  manual  control  valve  could  be  adjusted  as  a  function  of  the 
recorder  reading.  Air  was  supplied  to  the  rotor  for  pressurization  and  to 
the  casing  as  a  source  of  casing  pressure  control. 

The  tester  was  powered  by  a  15  HP  variable  speed  drive.  A 
motor  analyzer  was  attached  to  the  electrical  input  to  obtain  readings  of 
the  power  consumed  by  the  device  at  various  rotational  speeds . 

5.3.3  Peripheral  Seal  Experiments 

Initial  tests  for  peripheral  seal  development  were  conducted  using 
a  contact  type  seal.  The  seal  consisted  of  glass-filled  Teflon  three- 
segment  tangentially  cut  rings  with  a  26-inch  inside  diameter  as  shown  in 
Figure  93.  It  was  manufactured  by  the  Double  Seal  Ring  Company.  The 
use  of  pressure-balancing  grooves  resulted  In  a  l/8  inch  contact  surface. 
The  stationary  mating  surface  was  hard  coat  anodized  aluminum.  During 
initial  operation,  the  unpinned  segments  rotated  and  as  a  result  the  seal 
"bunched",  l.e.,  the  entire  gap  became  concentracted  at  one  of  the 
tangential  cuts  and  the  other  two  spaces  were  closed.  This  problem, 
coupled  with  Improper  axial  alignment  of  the  seal  space,  made  it  difficult 
to  achieve  a  running  fit.  Springs  were  fitted  into  the  spaces  between  the 
rings  to  aid  in  maintaining  the  proper  gap;  though  helpful,  they  proved  to 
be  Inadequate. 

During  the  short  running  period  the  seal  performed  reasonably  well 
with  relatively  small  leakage  rates.  The  seal  was  Inspected  after  approxi¬ 
mately  15  minutes  of  running  time  had  been  accumulated.  It  was  found 
that  the  hard  coat  aluminum  surface  had  been  severely  scored  and  the 
Teflon  rings  had  begun  to  gall.  This  appeared  to  substantiate  the  opinion 
that  the  aluminum  surface  was  a  poor  wear  surface  even  at  the  low  test 
surface  speed  (~60  fps) .  Attention  was  then  turned  to  the  centrifugal 
type  seal. 

The  initial  centrifugal  type  seal  configuration  which  was  investi¬ 
gated  is  shown  in  Figure  94  (original  configuration) .  It  consists  ot 
twelve  glass-filled  Teflon  blades  mounted  on  an  aluminum  backing  ring 
with  screwed  tabs.  One  of  these  seals  was  attached  to  each  side  of  the 
rotor.  The  blades  were  l/2  inch  deep  and  approximately  4-1/2  inches  long 
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with  a  trapezoidal  cross-section.  The  smallest  surface  of  the 
trapezoid  was  designed  to  be  nearest  to  the  stationary  plate,  such 
that  any  contact  caused  by  misalignment  would  occur  only  on  a 
small  surface.  Great  care  was  taken  in  aligning  the  seals  and  in 
obtaining  a  small  axial  clearance. 


During  experimental  operation  of  the  first  seal  configu¬ 
ration,  measurements  were  taken  of  the  pressure  across  the  seal 
and  the  power  input  to  the  drive  at  various  speeds  and  flow  rates, 
while  visually  observing  leakage.  The  pressure  developing 
capability  of  the  seal  is  shown  in  Figure  95.  The  horsepower 
data  is  plotted  in  Figure  96. 


The  seal  blade  depth  was  then  changed  to  1/8  inch  by 
placing  Plexiglas  fillers  between  the  Teflon  blades  as  shown  in 
Figure  94  (second  configuration).  Again  the  pressure  difference 
across  the  seal  and  power  requirements  were  recorded  (Figures  95 
and  96)  and  the  leakage  was  measured.  Figure  97  shows  the  percent 
leakage  flow,  rate  for  the  1/8  inch  depth  as  a  function  of  the  dimension¬ 
less  pressure  differential  across  the. seal.  It  should  be  noted  that  the 
theoretical  maximum  pressure  differential  across  the  seal  is  re¬ 
presented  by  , 
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when  the  pressure  differential  equals  the  developed  liquid  head. 
Figure  97  Indicates  that  leakage  starts  to  increase  substantially 
when  the  above  factor  approaches  and  exceeds  the  value  of  1 
and  that  liquid  leakage  can  be  maintained  at  very  small  values 
by  operating  at  values  for 
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Later  the  seal  blade  depth  was  reduced  to  1/16  inch 
by  placing  rubber  gaskets  beneath  the  Plexiglas  fillers  as  shown 
in  Figure  94  (third  configuration) .  Auxiliary  blades  were  also 
added  by  placing  two  radial  Plexiglas  strips  on  each  filler.  The 
tests  were  repeated.  The  pressure  capability  of  this  seal  con¬ 
figuration  is  plotted  in  Figure  95,  and  the  power  requirements  in 
Figure  96.  The  leakage  data  for  the  1/16  inch  depth  is  shown  in 
Figure  98 . 
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Because  of  the  power  requirement  rise  between  the  1/8  inch 
blade  depth  and  the  l/l6  inch  blade  depth,  the  auxiliary  blades  were 
removed  and  power  tests  conducted.  The  results  appear  in  Figure  96. 

Figures  99  and  100  afford  additional  views  of  the  installed  seals. 
5.3.4  Results 

The  experimental  data  Indicate  that  the  seal  is  capable  of  approach¬ 
ing  its  theoretical  capability  before  leakage  becomes  significant.  In 
Figure  95,  the  data  points  lie  nearly  on  the  calculated  curve.  Furthermore, 
Figures  97  and  98  show  that  only  relatively  small  leakage  rates  occur  even 
when  the  pressure  across  the  seal  exceeds  the  theoretical  capability  of 
the  seal.  Thus  the  pressure  and  leakage  data  indicate  that  the  seal  is 
capable  of  very  satisfactory  performance. 

The  fact  that  the  periphery  of  the  rotor  is  immersed  in  liquid  with 
a  centrifugal  type  seal  means  that  windage  power  losses  will  be  somewhat 
larger.  Thus,  data  concerning  the  power  requirements  is  important.  The 
results  of  the  seal  experiments,  as  shown  in  Figure  96,  Indicate  that  the 
power  losses  were  largest  with  the  1/2  inch  blade  depth  seal.  It  was 
felt  that  the  reason  for  this  was  that  the  large  space  between  blades 
allowed  constant  recirculation  of  the  leakage  fluid  in  the  seal  space . 

This  opinion  appeared  to  be  borne  out  by  the  reduced  power  losses  in  the 
1/8  inch  blade  configuration.  No  explanation  was  readily  available  for 
the  fact  that  the  power  losses  also  Increased  for  the  l/l6  inch  blade 
depth.  Evidently  there  exists  a  depth  minimum  below  which  the  power 
losses  again  increase.  At  first,  it  was  thought  that  this  was  due  to  the 
surface  roughness  created  by  the  addition  of  the  auxiliary  blades,  but 
the  removal  of  these  blades  did  not  result  in  a  reduction  of  the  power 
losses.  Thus,  the  optimum  blade  depth  appears  to  be  near  1/8  inch. 

5.4  Peripheral  Diffuser 

5.4.1  Stationary  Diffuser  Study 

5.4. 1.2  Design  and  Operation 

Since  liquid  is  withdrawn  from  the  separator  at  the  peripheries 
of  the  low  pressure  column  and  reboiler-condenser,  diffusers  are  re¬ 
quired  at  these  locations  to  recover  the  kinetic  energy  of  the  liquid  by 
converting  the  same  into  potential  energy.  An  experimental  test  program 
was  carried  out  to  obtain  design  parameters  in  support  of  the  design  of 
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a  diffuser  system  for  the  boilerplate  air  separator.  Tests  were  first 
conducted  on  a  stationary  diffuser  and  then  on  a  radial  annular  diffuser 
system  which  received  flow  issuing  from  the  peripheral  orifice  slot  of 
a  rotating  chamber.  The  latter  tests  are  described  in  Section  S.4.2. 

The  flow  diagram  of  the  test  apparatus  used  in  the  stationary  tests  is 
presented  as  Figure  101. 

Investigation  of  the  anticipated  flow  and  mechanical  limitations 
of  a  rotary  device  formed  the  basis  for  selecting  the  configuration  of 
the  stationary  diffuser.  It  was  designed  to  simulate  the  conditions 
encountered  in  the  rotary  tester.  A  rotor  discharge  velocity  angle  of 
approximately  one  degree  was  indicated.  A  review  of  the  available 
literature  revealed  that  optimum  efficiency  is  normally  obtained  with  an 
Included  angle  of  six  or  seven  degrees  and  a  length-to-throat  width 
ratio  of  approximately  25.  Based  on  these  values,  the  stationary 
diffuser  was  originally  designed  as  shown  in  Figure  102.  Initial 
operation  led  to  modifications  of  the  diffuser  to  reduce  the  inlet  pressure 
drop  and  accommodate  larger  flows.  The  original  nozzle  was  replaced 
with  a  constriction  which  tapered  from  the  Inlet  pipe  to  the  1/ 8  inch 
by  3/4  inch  diffuser  throat.  Most  of  the  l/8  inch  by  3/4  inch  passage 
was  removed  resulting  in  the  test  diffuser  as  shown  in  Figure  103. 

The  throat  was  then  defined  as  the  l/8  inch  by  3/4  inch  area  and  static 
pressure  taps  were  placed  at  intervals  along  the  diffuser.  Tests  were 
then  conducted  which  indicated  that  the  major  part  of  the  recovery 
occurred  between  the  throat  (Section  1)  and  the  first  static  measurement 
(Section  2) .  This  revealed  that  much  shorter  diffuser  lengths  may  be 
used.  The  additional  length  did  not  provide  sufficient  additional  re¬ 
covery  to  Justify  the  bulkier  construction. 

At  Section  2,  a  total  of  3  pressure  taps  were  Inserted  at  the  top 
and  bottom  of  the  channel.  They  all  Indicated  the  same  pressure  even 
when  cavitation  was  occurring  at  the  throat.  It  was  therefore  concluded 
that  continuity  flow  is  established  in  a  short  distance  after  separation. 
Cavitation  occurred  at  a  limiting  flow  rate  of  approximately  46  GPM 
and  the  minimum  efficiency  occurred  at  high  velocities  as  shown  in 
Figure  104  which  presents  the  results  of  the  stationary  diffuser  tests. 

The  results  of  the  described  tests  indicate  that  efficient 
diffusion  can  be  obtained  for  viscous,  incompressible  flow  in  a  three- 
dimensional  diffuser  with  a  trapezoidal  cross-section.  Diffusion 
efficiencies  of  80-90  per  cent  were  observed  with  short  length  and 
small  divergence  angles. 
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Friction  losses,  with  water  as  the  fluid  under  consideration  are 
reasonably  small.  These  losses  amounted  to  less  than  20  per  cent  of  the 
available  head  and  appeared  to  occur  in  the  first  part  of  the  diffuser.  This 
is  to  be  expected,  of  course,  since  the  flow  velocities  were  highest  in 
this  region.  The  evidence  of  low  losses  in  the  stationary  tests  indicate 
that  a  square  cross-section,  which  has  a  more  favorable  hydraulic  radius 
than  the  trapezoidal  cross-section,  is  not  necessary  to  achieve  efficient 
diffusion. 

Although  cavitation  occurs  at  the  throat  at  high  flow  rates,  the 
flow  re-establishes  Itself,  and  continuous  flow  exists  only  a  short  distance 
downstream  from  the  throat. 

5.4.2  Rotating  Diffuser  Study 

5. 4. 2.1  Peripheral  Diffuser  Design 

The  annular  peripheral  diffusers  were  designed  to  accept  a  liquid 
stream  from  the  periphery  of  a  rotating  chamber  and  recover  the  kinetic 
energy  Imparted  to  the  liquid  by  the  rotor.  The  test  apparatus  shown  in 
Figure  105  was  designed  to  accommodate  various  annular  diffuser  con¬ 
figurations  and  to  simulate  the  flow  conditions  for  a  100  lb. /sec.  air 
separator.  Five  series  of  tests  were  carried  out,  one  on  free  vortex 
diffusion  and  the  rest  on  diffusers  with  different  blade  configurations. 

Several  diffuser  geometries  were  considered,  but  the  two-dimen¬ 
sional  flat  diffuser  (diffusion  occurring  in  two  dimensions)  was  ultimately 
selected.  Such  a  system  is  more  efficient  and  requires  less  space  than 
the  free-vortex  vaneless  diffuser  system  and  is  less  complex  and  easier 
to  fabricate  than  a  three-dimensional  diffuser  system.  The  general 
diffuser  configuration  is  shown  in  Figure  106. 


CONFIDENTIAL 


SEAL  AND 


ASD-TDR-63-665,  Part  I 

Prom  the  literature  and  the  results  of  the  stationary  diffuser 
tests,  a  divergence  angle  of  20d  =  7®  was  selected  and  it  was  decided 
to  extend  the  diffuser  blades  approximately  two  Inches  in  the  radial 
direction.  Fluid  flow  conditions  at  the  orifice  slot  indicated  a  flow  angle 
((b®)  of  between  one  and  two  degrees  from  the  rotor  tangent.  This  angle 
9®  formed  by  the  exit  velocity  of  the  fluid  with  the  rotor  tangent  is 
tabulated  in  Table  15  for  various  speeds  and  flow  rates.  The  angle 
(|)  ®  Incorporated  in  the  diffuser  design  was  selected  based  upon  these 
calculations.  The  diffuser  width  was  selected  to  be  somewhat  larger 
than  the  orifice  slot  width  based  upon  Information  in  the  literature 
concerning  the  diffusion  of  free  jets  (Ref.  40),  Layout  streamlining 
resulted  in  the  basic  design  diffuser  system  shown  in  Figure  107  (blade 
type  1)  with  the  following  configuration: 

Diffuser  throat 
Divergence  angle 

Area  ratio 

Length -to -throat  width  ratio 
Passage  shape 
Hydraulic  radius; 

Throat 

■  Exit 

No.  of  vanes 
Inside  radius 
Outside  radius 


1/8  in.  X  1/8  in. 

2  6d  =  7® 

Ag/A^=  6.63 

L/W  =47.5 
Rectangular 

I 

%t  =  0.0312  in. 

p ' 

He  =  0.054  in. 

16 

R|i  =  15-7/32  in. 
R'o  =17  in. 


The  blades  were  machined  from  aluminum  on  a  pantograph 
machine.  Figure  108  shows  the  diffuser  as  mounted  on  the  annular 
ring,  and  Figure  109  shows  the  diffuser  exit  as  formed  by  the  rings. 

The  diffuser  is  shown  mounted  in  the  tester  in  Figure  110.  Close-up 
views  of  the  diffuser  passage  are  shown  in  Figures  111  and  112.. 

The  tester  was  capable  of  accelerating  the  fluid  to  a  speed  which 
gave  an  ideal  velocity  head  in  the  diffuser  throat  as  plotted  in  Figure  113. 
For  the  design  geometry,  this  corresponded  to  a  throat  Reynolds  number 
as  given  in  Figure  114.  It  was  initially  expected  that  the  small  diameter 
Pitot  tube  pressure  taps  in  the  diffuser  passage  would  yield  little  or  no 
reading.  This  suspicion  was  later  confirmed. 
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TABLE  15 

ANGLE  BETWEEN  FLUID  VELOCITY  VECTOR 
AND  ROTOR  TANGENT 


N,rpm  U, ft. /sec. 


,>gpm 

Vj°,  ft. /sec. 

Tan  (j)® 

(J)°,  deg. 

10 

.34 

.00865 

0.5 

20 

.68 

.01730 

1.0 

30 

1.02 

.0266 

1.5 

40 

1.36 

.0365 

2.1 

50 

1.70 

.0432 

2.5 

10 

.34 

.00648 

0.37 

20 

.68 

.01295 

0.75 

30 

1.02 

.01942 

1.17 

40 

1.36 

.0259 

1.48 

so 

1.70 

.0324 

1.85 

10 

.34 

.00519 

0.29 

20 

.68 

.01039 

0.59 

30 

1.02 

.01558 

0.89 

40 

1.36 

.0208 

1.19 

50 

1.70 

.0260 

1.48 

10 

.34 

.00432 

0.25 

20 

.68 

.00864 

0.50 

30 

1.02 

.01297 

0.75 

40 

1.36 

.0173 

0.99 

50 

1.70 

.0216 

1.23 

10 

.34 

.00370 

0.22 

20 

.68 

.00741 

0.43 

30 

1  .02 

.01111 

0.64 

40 

1.36 

.0148 

0.85 

50 

1.70 

.0185 

1.07 
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5. 4. 2. 2  Peripheral  Diffuser  Tests 
5 . 4 . 2 . 2 . 1  Free  Vortex  Diffusion 

Although  it  was  recognized  that  the  diffuser  passage  was 
much  too  short  for  efficient  vaneless  diffusion,  the  initial  tests 
were  conducted  without  the  diffuser  blades .  This  was  done  to 
obtain  a  cursory  picture  of  the  free  vortex  diffusion  process  and 
compare  its  capabilities  with  that  of  an  ideal  free  vortex  diffuser 
occupying  the  same  radial  space.  Tests  were  conducted  at  speeds 
ranging  from  300  to  700  rpm  and  at  flow  rates  ranging  from  5  to 
60  gpm.  As  shown  in  Figure  115,  the  result  was  a  vaneless  diffuser 
with  an  efficiency  of  approximately  40  per  cent  based  on  the  ideal 
recovery  possible  for  free-vortex  diffusion  in  the  available  space. 

This  indicated  early  in  the  tests  the  magnitude  of  the  losses  at  the 
rotor  orifice.  If  the  free-vortex  process  was  considered  as  being 
relatively  free  of  friction  losses,  the  amount  of  available  kinetic 
head  which  was  lost  at  the  rotor  orifice  slot  (not  including  blade 
passage  entrance  losses)  must  have  been  considerable  according 
to  this  data.  Figure  116  represents  the  overall  energy  recovery 
of  the  free  vortex  diffuser. 

Changes  in  flow  rate  at  constant  speed  for  the  vaneless 
diffuser  tests  and  all  subsequent  tests  produced  very  little  change 
in  the  pressure  rise  across  the  diffuser,  since  as  expected, 
nearly  all  of  the  kinetic  energy  of  the  fluid  at  the  rotor  exit  was 
contained  in  the  tangential  velocity  component.  The  results  of 
the  vaneless  diffuser  tests  confirmed  the  opinion  that  an  efficient 
free-vortex  process  would  require  a  prohibitively  large  radius. 

5 . 4 . 2 . 2 . 2  Diffusion  System  With  Eight  Blades 

To  progressively  study  the  effects  of  the  diffuser  blades, 
the  next  tests  were  conducted  with  only  eight  blades.  Such  a 
configuration  corresponds  to  that  shown  in  Figure  108  with  every 
other  blade  eliminated.  In  anticipation  of  the  excessive  inlet 
losses,  small  blades  were  attached  to  the  rotor  at  the  orifice  slot 
to  aid  in  propelling  the  liquid  into  the  diffuser  passage.  These 
blades  are  shown  in  Figure  117.  The  results  of  these  tests  as  plotted 
in  Figure  118  show  a  marked  improvement  in  performance  over  the 
free-vortex  system  plotted  in  Figure  116.  Since  adjacent  blades  did 
not  overlap,  a  close  approach  to  the  expected  efficiency  of  a  blade 
type  diffuser  was  not  expected.  Only  an  enhancement  of  the  vaneless 
diffusion  process  was  indicated  demonstrating  the  ability  of  the  blades 
to  guide  and  smooth  the  flow.  Again,  no  trend  was  shown  by  changing 
flow  rates  at  constant  speed.  63  ASRP-2391 
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5. 4. 2. 2. 3  Diffuser  System  as  Designed  -  Type  1 

The  third  series  of  tests  were  conducted  with  the  designed 
blade  and  diffuser  configuration  of  Figure  107,  blade  type  one.  The 
efficiency  and  overall  recovery  are  plotted  against  speed  in. Figure 
119.  In  these  tests,  the  huge  losses  encountered  at  the  rotor  orifice 
became  quite  evident.  A  slight  deterioration  of  diffuser  performance 
was  observed  in  spite  of  the  addition  of  the  small  blades  at  the  orifice 
slot  in  the  preceding  set  of  tests.  It  became  evident  that  as  the  liquid 
was  ejected  from  the  orifice  slot,  it  encountered  very  large  resistance 
in  the  form  of  liquid  trapped  between  the  rotor  and  the  stationary  shell. 
As  a  result,  it  was  postulated  that  a  large  percentage  of  the  available 
kinetic  energy  was  dissipated  before  the  liquid  reached  the  diffuser 
throat  by  the  action  in  the  boundary  layer  between  the  flowing  and 
stationary  liquids.  This  is  shown  schematically  in  Figure  120. 

It  was  also  felt  that  excessive  inlet  losses  were  being 
encountered  as  the  liquid  approached  that,  extreme  portion  of  the 
blade  which  was  nearly  concentric  with  the  rotor.  If,  as  was  expected, 
slip  was  high,  then  the  flow  streamline  would  tend  to  strike  this 
portion  of  the  blade  and  be  diverted  into  the  diffuser  passage  as  shown 
in  Figure  121,  As  shown  in  the  following  figure,  tangential  slip  thus 
represents  the  deviation  in  the  tangential  velocity  vector  from  its 
theoretical  value  and  is  expressed  as  a  percentage  of  the  peripheral 
speed. 


VECTOR  REPRESENTATION  OF  SLIP 
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5 i  4. 2 , 2 . 4  Diffuser  System  Type  2  with  Removal  of  Inside  Blade 
Ends  of  Type  1 


To  alleviate  the  slip  situation,  the  inside  ends  of  the  blades 
ware  cut  off  giving  a  diffuser  configuration  as  shown  in  Figure  107  (blade 
type  two) .  The  fourth  series  of  tests  were  conducted  using  these  blades. 

The  diffuser  geometry  was  significantly  altered  by  modifying  the 
blades.  The  throat  width  was  increased  to  0.3  inches.  The  length-to- 
throat  width  ratio  was  decreased  to  13.28.  The  area  ratio  was  decreased 
to  2.68  which  yields  an  ideal  static  pressure  rise  of  86  per  cent  of  the 
available  kinetic  head,  i.e. 


-  P^  (100®^)  P^  -  P^  (100%) 

^  2 

— 

c 

L  VI 
L  ^2  - 

•"l  rf-  (.86) 

The  divergence  angle  remained  20_  =  7° .  A  significant  Improvement  in 
diffuser  performance  was  observecTin  the  fourth  series  of  tests  with  the 
shorter  blade.  The  data  as  plotted  in  Figure  123  shows  efficiencies  twice 
as  high  as  in  previous  tests.  The  post  orifice  losses  remained  excessive 
and  in  spite  of  the  two-fold  improvement  in  performance,  energy  recovery 
remained  somewhat  low. 


5. 4. 2. 2. 5  Diffuser  System  of  Type  2  with  Increase  in  Angle  Between 
Diffuser  Axis  and  Rotor  Tangent 

The  fifth  series  of  tests  were  conducted  to  measure  the  effect 
of  changing  the  angle  between  the  diffuser  passage  axis  and  the  rotor 
tangent.  It  was  postulated  that  an  increase  in  this  angle  (C])°)  would 
Improve  performance  because  of  the  apparently  excessive  slip.  As 
shown  in  Figure  121,  an  increase  in  slip  requires  an  increase  in  the 
angle  ({)°  to  allow  the  liquid  to  pass  unimpeded  directly  along  the  axis  of 
the  passage.  To  increase  this  angle,  the  blades  were  respaced  to  allow 
installation  of  17  blades  and  then  pivoted  about  the  inside  end  as  shown 
in  Figure  124.  The  result  was  a  passage  with  a  throat  width  of  0.66  inch, 
an  area  ratio  of  1.50,  an  L/W  ratio  of  5.5,  and  a  divergence  angle  of 
5.4®  .  The  tangent  angle  (j)°  was  Increased  to  5° .  The  results  appear 
in  Figure  125.  Substantial  enhancement  was  noted  indicating  that  slip 
was,  Indeed,  excessive  and  that  the  angle  (j)°  should  be  somewhat 
larger  than  the  value  obtained  from  the  ideal  flow  conditions .  It 
is  also  very  Important  to  note  that  an  increase  in  slip  results 
in  a  marked  decrease  in  the  available  kinetic  energy.  This  is 
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demonstrated  in  Figure  12$  which  shows. the  required  increase  in 
arid  the  inevitable  decrease  in  kinetic  headds  slip  increases . 

Thus,  if  slip  is  excessive,  the  diffuser  system  is  dperating  much 
more  efficiently  than  indicated  since  the  value  of  V  is  less  than 
the  no-slip  value.  The  size  of  the  diffuser  throat  limited  the  size 
of  the  pressure  taps  which  could  be  Inserted,  and  it  was  found  that 
no  reliable  reading  of  the  total  head  at  the  diffuser  throat  could  be 
obtained.  The  actual  value  of  V  was,  therefore,  unknown  and  all 
efficiencies  had  to  be  based  on  the  rotor  tip  speed,  i.e.,  no  slip 
conditions . 

5. 4. 2. 3  Rotating  Diffuser  Results 

Each  series  of  tests  conducted  in  this  study  emphasized  the 
extent  of  the  energy  losses  encountered  between  the  orifice  slot 
and  the  actual  diffuser  passage.  Based  upon  the  rotor  tip  speed, 
which  does  not  account  for  these  losses,  diffuser  efficiencies 
ranging  between  20  and  40  per  cent  and  overall  recoveries  approach¬ 
ing  25  per  cent  were  obtained.  Thus,  in  applications  of  this  type  of 
diffuser  system  with  no  provisions  to  reduce  the  losses,  approximately 
20  per  cent  of  the  total  kinetic  head  available  at  the  rotor  periphery 
may  be  converted  to  static  pressure. 

Several  design  innovations  were  considered  to  enchance 
the  energy  recovery  for  the  diffuser.  Since  high  losses  are  en¬ 
countered  as  the  fluid  leaves  the  orifice  slot  (i.e.,  between  the  orifice 
slot  and  the  diffuser  throat),  a  system  of  blades  is  proposed  (as 
shown  in  Figure  127)  to  propel  the  flowing  fluid  past  the  stationary 
liquid  at  the  rotor  periphery.  The  blades  accelerate  the  fluid  through 
the  high  loss  region  and  the  guard  eliminates  the  boundary  layer  between 
the  moving  liquid  and  the  stationary  liquid .  The  blades  discharge 
the  fluid  directly  into  the  diffuser  passage.  The  magnitude  of  these 
boundary  layer  losses  would  also  be  considerably  reduced  in  a  system 
with  a  wider  flow  passage  where  the  thickness  of  the  boundary  layer 
is  much  smaller  compared  to  the  width  of  flow.  Secondly,  the  angle 
between  the  diffuser  axis  and  the  rotor  tangent  should  be  Increased 
to  compensate  for  slip  at  the  rotor  periphery.  This  is  limited  some¬ 
what  by  dimensional  boundaries,  but  it  was  felt  that  an  increase  in 
the  divergence  angle,  200,  would  allow  a  sufficient  Increase  in 
(|)®  with  no  noticeable  deterioration  in  diffuser  performance.  In 
addition,  the  diffuser  inlet  profile  should  be  as  simple  and  smooth 
as  possible  to  minimize  inlet  losses.  Comparison  of  smaller  losses 
and  larger  flow  areas  of  the  stationary  tests  with  the  larger  losses 
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aiid  amaUer  flow  areas  of  the  rotary  tests  appears  to  substantiate 
the  opinion  that  increased  flow  areas  reduce  friction  losses. 


All  of  these  design  Innovations  can  be  Incorporated  in  a 
rotating  air  separator. 

Based  upon  the  results  of  the  tests,  it  is  reasonable  to 
assume  that  overall  recoveries  of  over  25  per  cent,  Including  all 
inlet  losses,  may  be  expected  for  a  100  lb. /sec.  unit. 

It  should  be  emphasized  that  the  relatively  large  losses 
encountered  in  these  experimental  tests  are  characteristic  of  the 
small  flow  passages  and  large  boundary  layer  losses  inherent  in  the 
system.  It  is  felt  that  the  large  flow  rates  and  enlarged  passage 
geometry  of  a  full  scale  machine  will  greatly  enhance  diffuser  per¬ 
formance  . 

5,5  Pressure  Drop  in  Two-Phase  Flow  Against  a  Gravitational  Field 
5,5.1  Analysis 

‘  The  problem  of  two-phase  flow  is  encountered  in  the  transfer 

of  kettle  and  shelf  liquid  in  a  rotating  double  column  separator.  Since 
from  these  locations  saturated  liquid  has  to  be  transported  radially 
Inward  against  a  gravitational  field,  it  will  flash  and  form  a  two-phase 
mixture.  Because  of  the  high  gravitational  field  acting  upon  the  fluid, 
pressure  drop  due  to  gravitational  head  differences  represents  by  far  the 
predominant  portion  of  the  overall  pressure  drop  experienced.  An 
accurate  prediction  of  this  pressure  drop  is  essential  to  proper  design 
of  control  components  and  to  define  possible  limitations  in  operating 
speed  for  the  separator  since  at  high  speeds  the  required  pressure  drop 
can  approach  the  pressure  difference  available  between  kettle  and  low- 
pressure  column. 

A  great  deal  of  work  has  been  concentrated  recently  on  the 
field  of  two  -  phase  flow  by  a  number  of  investigators.  To  discuss  or 
compare  all  the  various  attempts  would  be  extremely  lengthy  and  is  not 
the  purpose  of  this  report.  Basically  a  number  of  methods  have  been  tried  by 
may  investigators  in  an  effort  to  predict  the  two-phase  frictional  pressure 
drop  and  the  volumetric  liquid  fraction,  the  majority  of  cases> 

the  primary  Interest  was  in  the  frictional  pressure  drop  multiplier  that 
would  allow  prediction  of  two-phase  pressure  drop  from  a  knowledge  of 
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the  liquid  phase  pressure  drop.  Perhaps  the  most  well  knowBi  toofe^t- 
Martinelli,  (Ref.  36),  originally  developed  a  Wfaiffeter  X’wSleh’dltl' 
precisely  that.  They  then  used  this  same  parameter  Vo  ddrf^te  R. . 

A  number  of  reasons  negated  the  use  of  this  parameter.  Previous 
work  done  at  Linde  on  two-phase  flow  in  vertical  heat  exchangers 
showed  that  Lockhart- 
low  for  vertical  flow, 
fundamental  parameter  was  necessary  since  X  did  not  include  a 
gravitational  term  and  since  the  friction  factor  ratio  was  of  negligible 
influence  in  the  case  under  study  where  the  frictional  pressure  drop 
was  negligible  compared  to  the  "hydrostatic"  head. 


■Martinelll  generally  predict  an  R  that  is  too 
In  addition,  it  was  felt  that  a  more 


By  dimensional  reasoning,  it  was  deduced  that  R  should  be 
primarily  a  function  of  the  gravitational  field  and  fluid  ^  properties 
as  shown  in  the  following  expression: 


where: 


r  C3 

[Ng  , 


( 


1  -  X 
X 


C4 

) 


] 


<^9 


In  addition  to  the  properties  listed,  viscosities  and 
probably  surface  tension  should  have  some  Influence  upon  R. . 
However,  they  were  neglected  in  the  work  under  discussion,^  since 
other  Investigators  had  shown  the  effect  of  these  properties  to  be 
relatively  insignificant . 

Assuming  that  frictional  pressure  drop  can  be  neglected, 
the  pressure  drop  encountered  between  two  radii  of  a  rotating 
device  is; 
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where: 

TP  =  P  L  ^  P  V 


p  ^  and  p  are  functions  of  the  pressure  at  location  r.  In 
the  case  at  nand,  the  densities  were  defined  by  assuming  isentropic 
expansion  for  the  fluid  flowing  radially  inward. 

In  order  to  compute  pressure  drop  in  radial  inward  flow,  it 
is  necessary  to  know  the  liquid  volume  fraction  each  location  r. 
Since  in  flow  against  a  gravitational  field,  the  liquid  moves  slower 
than  the  cocurrent  vapor,  the  amount  of  slip  experienced  between  liquid 
and  vapor  will  determine  the  magnitude  of  As  it  is  not  possible  to 
set  up  a  sufficiently  accurate  physical  model  for  two-phase  flow, 
cannot  be  derived  analytically,  but  has  to  be  determined  by  an  experi¬ 
mental  correlation. 

5.5.2  Air-Water  Experimental  Program 

With  the  above  general  expression  in  mind,  a  test  program  was 
planned  for  a  rotating  air-water  test  apparatus  constructed  for  this  work 
as  well  as  for  peripheral  seal  and  diffuser  tests.  A  detailed  description 
of  the  tester  is  given  in  the  section  describing  diffuser  and  seal  test 
work.  For  two-phase  flow  work,  the  tester  contained  a  3/4  in.  I.D,  or 
3/8  in  I.  D.  radial  Plexiglas  tube  with  orifices  drilled  around  the  "bottom 
circumference  of  the  tube  (see  Figures  128  and  129.)  When  air  was  intro¬ 
duced  to  the  rotor,  the  resulting  pressure  differential  through  the  orifices 
caused  the  water  rotating  at  the  periphery  to  flow  co-currently  with  the 
air  counter  to  the  gravitational  field  to  the  center  of  the  rotor,  from  where 
it  was  discharged.  The  air  pressure  and  flow,  as  well  as  the  water  flow 
could  be  varied,  as  could  be  the  rotational  speed.  Pressure  drop  across 
the  3  in.  long  test  section  was  measured  with  a  transducer  mounted  on 
the  rotor. 
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After  an  initial  period  in  which  trouble  was  encountered 
With;  flooding  of  transducers,  a  series  of  data  was  taltenV  using 
a  3/4  in.  diameter  tube  and  a  3/8  in.  diameter  tu^)e .  '‘Since"  no 
noticeable  effect  of  tube  diameter  upon  pressure  drop  was 
detected,  this  parameter  was  eliminated  from  further  consideration. 
The  actual  effects  may  have  been  hidden  by  the  experimental  in¬ 
accuracies,  but  for  practical  purposes  they  are  not  important  as 
long  as  they  do  not  influence  the  flow  regime.  This  effect  of  flow 
regime  is  accounted  for  by  the term  and  the  term.  Since 
the  primary  area  of  interest  was  in  the  bubble  and  slug  flow  regime, 
the  majority  of  data  points  were  taken  there.  In  bubble  flow,  the 
air  seems  to  be  suspended  as  bubbles,  while  in  slug  flow  the  liquid 
is  carried  along  in  slugs  and  large  drops .  Some  points  were  taken 
in  the  annular  flow  regime.  This  regime  occurs  when  the  ratio  of 
vapor  to  liquid  is  so  high  that  the  vapor  forms  a  core  that  forces  the 
liquid  to  run  down  the  sides  of  the  tube  in  an  annular  ring  cross 
section.  In  this  regime,  a  fairly  sharp  decrease  in  pressure  drop 
is  realized  compared  to  the  mixed  flow  regimes.  This  was  experi¬ 
mentally  confirmed  with  air-water. 

A  number  of  photographs  of  the  flow  pattern  were  taken . 
Unfortunately,  the  majority  of  these  are  unclear  since  the  Strobe- 
light  used  did  not  have  a  sufficiently  fast  response  time.  At 
speeds  above  300  rpm,  the  photographs  are  blurred  but  at  300  rpm 
or  less,  the  photographs  are  very  clear  and  various  flow  effects 
can  be  deduced.  As  seen  in  Figures  130  and  131,  taken  for  the 
3/4  inch  and  3/8  inch  diameter  tubes,  the  flow  consists  of  a  foam 
or  slug  flow  in  which  the  liquid  Is  carried  along  in  the  fast  moving 
vapor  stream.  It  can  be  seen  that  for  the  smaller  diameter  tube, 
as  well  as  for  lower  g  fields,  the  flow  tends  to  be  more  of  the  slug 
type.  The  effect  of  the  Coriolis  force  Is  also  apparent.  This  force 
tends  to  crowd  the  liquid  to  the  leading  edge  of  the  tube . 

When  the  initial  series  of  data  were  taken,  it  was  correlated 
using  a  linear  regression  technique.  Since  Ng  was  a  function  of  the 
other  variables,  it  was  examined  first.  By  plotting  versus  Ng 
on  log-log  coordinate  paper,  the  trend  of  d(ln  RjJ/dCln  Ng)  was 
determined  and  vised  as  input  for  the  correlating  of  the  remaining 
parameters;  i.e.,  Ng  and  were  used  as  the  dependent 
variables  wlth-^^  ,  v/^  l)>  end  es  the  independent  variables. 

The  resulting  parameter,  which  was  essentially  linear, 
was  so  strongly  dependent  on  the  weight  L/V  ratio  that  more  data 
points  were  needed  to  adequately  cover  the  kettle  flow  range 
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(relatively  high  L/V).  With  these  points,  the  finalized  correlation  was 
established  for  air-water  mixtures. 


The  new  points,  taken  at  relatively  high  L/V,  confirmed  the 
prediction  that  the  curve  (See  Figure  132)  would  bend  and  level  off 
from  the  initially  sharp  slope  at  lower  L/V  ratios.  The  correlating 


parameter  used  was: 

w  1/2 


T= 


(• 


1  -X 


3/2  p 

)  — 


(Ng) 


where: 

Z  =• 


[  .038  ( 


1/2 


1  -X 


This  parameter  predicted  the  Rl  with  about  -  20%  error,  However,  it 
contained  several  inadequacies.  The  Ng  exponent  was  difficult  to 
establish  with  certainty  since  the  effect  of  this  variable  on  Rl  in  the 
range  of  interest  is  not  very  large.  This  was  reflected  in  the  poor 
correlation  coefficient  realized  in  the  linear  regression  of  the  Ng  term. 
However,  the  major  trend  is  correct,  and  the  Ng  term  will  give  satis¬ 
factory  results  in  consideration  of  the  modest  test  program  undertaken. 


The  major  conclusions  that  could  be  drawn  from  the  air-water 
tests  are  the  following: 

a.  Most  significantly  for  the  design  of  the  100  lb. /sec, 
unit,  the  increase  in  slip  between  the  phases  and  consequently 
two-phase  density  due  to  the  high  gravitational  field  is 
relatively  small. 

b.  A  change  in  pipe  diameter  has  little  influence  upon  the 
observed  pressure  drop  for  identical  flow  patterns,  except  that 

it  can  lead  to  a  change  in  flow  pattern  in  which  case  the  pressure 
drop  changes. 

c.  For  very  low  vapor  to  liquid  ratios  x/l-x  and  density  ratios 
P  l/P  v^  two-phase  density  is  essentially  independent  of  Ng. 

As  these  ratios  are  decreased  d  p-jp/d  Ng  becomes  larger. 
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UtiUzing  the  derived  correlation  for  predlcti^-  the 
density;  a  computer  jrogram  was  witten  wj^dh  allows  iorspattlioh  bf 
the  pressure  drop  experienced  in  flow  of  a  flashing  iiguid -through  a 
tube  against  a  gravitational  field.  Upon  input  of  the  necessary  data, 
the  computer  proceeds  along  the  tube  in  increments  of  any  desired 
length  and  by  trial  and  error  solution  converges  upon  the  correct 
pressure  drop.  It  then  prints  out,  for  each  segment,  the  vapor  quality, 
pressure,  two-phase  density,  R. ,  pressure  drop,  liquid  density, 
vapor  density,  and  T'  .  A  shorf  format  allows  print  out  of  only  the 
first  three  quantities.  The  flowsheet  for  this  program  Is  presented  in 
Appendix  XI. 

5.5.3  UCON  Fluid  Experimental  Program 

To  test  the  established  correlation  with  a  different  fluid  system 
and  possibly  detect  the  influence  of  new  parameters  on  IL ,  experiments 
were  run  in  conjunction  with  the  control  valve  tests  using  UCON  12 
as  a  test  fluid.  A  description  of  the  test  rotor  is  available  in  the 
discussion  of  control  system  tests. 

Saturated  UCON  liquid  was  supplied  to  the  test  rotor  and  moved 
to  the  periphery  where  it  established  a  liquid  level.  This  liquid  level 
could  be  controlled.  Pressure  difference  was  used  to  drive  the  liquid 
radially  inward  through  two  5/8  inch  diameter  tubes.  On  one  of  the 
tubes  two  pressure  taps  were  located  at  radii  of  12-1/8  inch  and 
9-1/8  inch  respectively.  A  Pace  transducer  was  used  to  measure  the 
resultant  pressure  drop. 

A  total  of  fourteen  runs  were  made  over  an  RPM  range  of 
480  to  800,  a  velocity  range  of  1.5  to  8.2  ft. /sec.,  and  an  inlet 
pressure  range  of  125  to  145  psia. 

For  each  run,  using  the  measured  inlet  conditions,  the  two- 
phase  computer  program  was  run  and  the  "predicted"  pressure  drop 
calculated.  This  AP  was  compared  with  the  measured  AP  as  shown 
in  Figure  133.  Results  were  very  satisfactory,  the  average  absolute 
error  being  equal  to  10.7%. 

Because  the  deviation  between  predicted  and  measured  pressure 
drop  was  so  small,  changing  the  correlating  parameter  could  not  be 
Justified.  Undoubtedly,  the  chosen  parameter  could  be  improved  upon, 
but  this  would  require  a  more  elaborate  test  program  than  the  one 
undertaken. 
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As  can  be  seen  in  Figure  133,  twelve  of  the  fourteen  points  Ha'd 
negative  deviation.  This  is  explainable  by  the  fact  that  a  group  of 
"air-water  data  points  with  much  lower  Rl  values  than  the  main  body  of 
points  were  included  in  the  least  squares  fit  of  Rl  =  f  (T)*  The 
lever  effect  of  these  points  was  responsible  for  a  predicted  Rl  that  is 
lower  than  measured  in  that  region.  Therefore,  the  UCON  fluid  data 
points  were  added  to  the  air-water  points  and  a  new  least  squares  fit 
calculated.  The  result  is  shown,  along  with  the  data  points  in  Figure 
134.  Since  the  coefficients  of  this  curve  are  input  data  to  the  computer 
program,  it  was  a  simple  matter  to  make  allowance  for  this  change.  The 
lower  data  scatter  experienced  with  UCON  is  attributed  to  the  fact  that 
a  more  reliable  pressure  transducer  was  used  during  the  UCON  runs. 

Since  the  UCON  physical  properties  are  very  close  to  the 
properties  of  liquid  air,  it  is  felt  that  the  pressure  drop  in  the  boilerplate 
model  transfer  lines  can  be  predicted  with  an  average  accuracy  of  -  10% 
and  a  fair  degree  of  confidence  in  the  calculations. 

5,5.4  Pressure  Drop  Results  for  Two  Phase  Flow 

The  proposed  correlation  was  compared  with  the  results  of 
Lbckhart-Martinelli.  For  the  range  of  Rl  greater  than  .7,  Lockhart- 
Martinelll  predicts  much  lower  values  than  this  correlation.  Below  Rl=.7, 
this  correlation  approaches  Lockhart-Martlnelli,  The  correlation  can 
only  be  applied  down  to  an  of  about  ,15  since  no  data  was  taken  below 
this  range .  As  pointed  out  earlier  examination  of  the  data  will  reveal 
that  the  Ng  Influence  is  small  at  high  L/V  values  and  becomes  larger  as 
the  L/V  decreases . 

5 . 6  Internal  Control  System 

5.6.1  Control  System  Description  and  Analysis 

As  discussed  earlier,  two  high  pressure  liquid  streams  on  the 
boilerplate  separator  have  to  be  transferred  radially  inward  to  the  low 
pressure  column.  These  are  the  kettle  and  the  shelf  liquid  streams.  In 
order  to  avoid  bypassing  of  high  pressure  vapor  to  the  low  pressure  column 
on  the  one  hand  and  excessive  liquid  buildup  in  respective  collector 
spaces  on  the  other,  it  is  necessary  to  control  liquid  transfer  to  maintain 
a  constant  liquid  level  in  the  kettle  and  shelf  liquid  collectors .  Since  it 
is  difficult  and  complicated  to  use  a  combination  of  internal  sensing 
device,  and  control  valve  operator  and  an  external  controller,  it  was 
decided  to  provide  a  control  system  completely  contained  inside  of  the 
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separator  rotor,  Because  of  the  critical  influence  of  control  systeft  / 
operation,  it  was  felt  that  a  prototype  system  should  be  tested  in -a 
rotating tievlce  simulating  the  actual  separator  application. 

The  simplest  control  system  appeared  to  consist  of  a  pneumatic 
control  valve  which  is  operated  directly  by  the  pressure  differential  due 
to  liquid  level.  A  schematic  of  the  conceived  control  system  is  shown  on 
Figure  135.  It  consists  of  a  bellows  operated  valve,  the  bellows  of  which 
are  connected  to  respective  liquid  level  taps.  To  generate  a  signal  the 
liquid  level  tap  is  connected  via  an  electrically  heated  reservoir. 

An  analysis  was  made  on  a  simplified  control  system  model 
to  obtain  some  indications  of  control  response  times.  As  shown  in 
Appendix  XII,  the  time  constant  for  the  simplified  system  can  be  shown 
to  be 


k,  k 
*^2  4 


(2  g^  APP^) 


2  +  K)  <3, 


*^4  ““  ^orf. 


Basically  the  k  factors  describe  the  various  control  system 
elements,  a  ^  describes  the  magnitude  of  the  delta  function  or 

kT  .  ,  . 

impulse  disturbance  and  W  describes  the  liquid  level  as  a  function  of 
time  The  latter  function  is  plotted  on  Figure  136. 
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Erom  inapeetlng  tiie  alx>v©  expressip^  it  is  Plyipp  tttit 
for  a  fast  respoRse,  k2  and  ^  should  be  P  lafp  and  kg  as -small ^ 
as  possible.  In  reality,  kg  is  fixed  since  the  preasure^dtop 
aorpss  the  control  valve  is  given.  To  make  k4  large  requires  a 
maximum  change  in  valve  orifice  area  for  as  short  a  stroke  as 
possible.  For  the  case  where  Intersecting  circles  are  used  to  provide 
the  orifice,  this  means  selecting  large  diameter  circles.  There  are 
practical  limitations  as  to  how  far  k4  can  be  increased  since  with  very 
short  control  strokes  a  valve  tends  to  become  unstable,  especially  if 
any  hysteresis  is  present. 

k3  can  be  made  small  by  selecting  a  low  spring  constant  or 
large  area  operating  bellows  for  the  control  valve .  The  latter  approach 
appears  to  be  the  most  feasible  way  of  obtaining  a  fast  response  time. 

k]^  appears  in  the  exponent  as  well  as  in  the  constant  multiplier. 
While  a  small  kj  (meaning  width  of  the  liquid  buildup  volume)  results 
in  a  fast  response,  it  also  has  the  effect  of  increasing  the  magnitude 
of  the  liquid  level  disturbance  and  is  therefore  undesirable. 

It  should  be  noted  that  the  simplified  model  is  subject  to 
limitations  since  pressure  drop,  flow  dynamics  through  the  transfer  line, 
signal  time  lags,  friction  in  the  valve  and  dynamic  effects  of  valve 
travel  were  neglected.  For  this  reason  the  analysis  can  serve  as  a 
general  guide  only  rather  than  as  a  detailed  description  of  system 
behavior. 

5.6.2  Detail  Design  of  Control  System  for  UCON  Fluid  Test 

Design  of  this  system  was  approached  with  the  philosophy  of 
obtaining  a  scale  model  of  the  kettle  liquid  transfer  control  system 
which  was  capable  of  being  tested  in  UCON  fluid  service  under 
conditions  simulating  kettle  operation . 

In  deslglning  a  suitable  control  valve,  the  following  criteria 
have  to  be  met;  The  unit  should  be  of  small  overall  size  and  weight, 
g  forces  must  not  hinder  operation  or  cause  unbalance  of  the  valve, 
pressures  upstream  and  downstream  from  the  valve  should  not  affect 
the  position  of  the  valve  piston,  and  finally  the  unit  must  be  capable 
of  operating  in  a  cryogenic  environment. 

To  furnish  a  control  signal  and  operating  force  for  the  bellows, 
it  is  necessary  to  measure  the  static  head  of  the  liquid.  Figure  137 
shows  a  typical  system  for  accomplishing  this .  A  heater  continuously 
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vaporizes  a  small  amount  of  liquid  that  collects  at  the  bottom  of  a 
signal  chamber.  This  results  in  a  small  vapor  flow  bubbling  back  into 
the  column  or  rotor  .  Should  an  Increase  in  column  liquid  level  occur 
due  to  a  flow  surge ,  some  liquid  will  be  forced  into  the  horizontal 
liquid  leg  due  to  the  increased  pressure  in  the  signal  line.  All  that  is 
required  of  the  heater  is  to  provide  sufficient  heat  to  vaporize  liquid 
before  it  can  collect  in  the  radial  leg  of  the  signal  line .  The  heater 
chamber  is  made  sufficiently  massive  so  that  stored  heat  is  available 
for  vaporizing  these  liquid  surges. 

Since  no  commercially  available  valves  were  found  which  could 
meet  requirements,  the  design  shown  in  Figure  138  was  developed.  This 
design  features  a  double  ported  piston  operated  by  two  bellows.  Fluid 
enters  the  valve  through  parallel  inlet  ports,  is  throttled  through  the 
matched  orifice  openings  and  exits  through  the  single  outlet  port. 

This  arrangement  coupled  with  the  two  acutating  bellows  balances  the 
internal  pressure  forces  and  thereby  materially  reduces  the  driving 
force  necessary  to  open  or  close  the  valve.  This  decreases  the  overall 
control  operator  size  and  makes  auxiliary  signal  amplification  unneces¬ 
sary. 


The  valve  body  and  pistons  are  made  of  aluminum  to  avoid 
thermal  expansion  problems  with  respect  to  the  separator  assembly.  To 
prevent  high  wear  and  reduce  friction  forces,  the  bore  of  the  valve  is 
ground,  hard  coat  anodized  and  honed  and  the  pistons  are  ground  and 
coated  with  Teflon. 

The  actuating  bellows  are  made  of  Type  316  stainless  steel. 

Using  the  bellows  back  to  back  avoids  thermal  expansion  problems  here. 

Auxiliary  springs  are  used  with  each  bellows  to  allow  set-point 
adjustment  of  the  valve,  reduce  the  effect  of  normal  tolerances  in  bellows 
spring  rate  and  achieve  greater  linearity  in  the  actuator  assembly. 

Atypical  orifice  opening  versus  signal  pressure  calibration 
curve  for  the  prototype  is  shown  in  Figure  139.  Flow  calibration 
with  water  for  the  prototype  valve  is  depicted  in  Figure  140.  An 
exploded  view  of  the  prototype  valve  is  shown  in  photograph, 

Figure  141 . 
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5,6,3  Design  of  UCON  Fluid  Control  System  Test  Rotor 

The  UCON  fluid  test  rotor  was  designed  to  serve  several 
purposes:  check  two-phase  pressure  correlations  with  a  flashing 
two-phase  fluid,  evaluate  the  functional  and  mechanical  design  of 
the  control  valve,  examine  the  performance  of  the  simulated  control 
loop,  and  check  the  operation  of  the  phase  separator  design. 

The  functional  design  of  the  UCON  fluid  control  system 
rotor  is  shown  in  Figure  142.  Saturated  UCON  12  liquid  enters  the 
rotor  through  the  shaft,  is  guided  into  the  hub,  and  radially  outward 
to  the  holdup  chamber  located  at  the  periphery.  By  proper  adjustment 
of  the  temperature  in  the  system,  liquid  in  the  holdup  chamber  is 
saturated.  From  the  periphery,  saturated  liquid  is  transferred  radially 
inward  through  a  test  line  and  the  control  valve  to  a  phase  separator 
located  close  to  the  center  of  the  rotor.  Here  the  flow  is  split,  vapor 
returns  through  the  center  of  the  shaft  and  exits  to  the  main  condenser, 
and  the  liquid  flows  radially  outward  to  the  casing. 

The  rotor  was  designed  to  simulate  conditions  existing  in  the 
kettle  transfer  line  of  a  100  lb. /sec.  air  separator.  The  holdup  chamber 
had  a  nominal  3  sec.  holdup  at  a  design  flow  rate  of  15  gpm.  The 
response  time  computed  from  the  theoretical  model  was  in  the  order  of 
4  sec.  The  control  system  was  sized  to  accommodate  50  percent  changes 
in  flow  rate  while  maintaining  liquid  level  control. 


( 


Orientation  of  the  valve  in  the  rotor  is  such  that  the  gravitational 
forces  will  not  influence  the  position  of  the  pistons.  This  results  in  an 
increase  in  the  friction  forces  between  the  pistons  and  the  valve  body. 
However,  the  use  of  Teflon  coated  pistons  reduced  friction  forces  to 
tolerable  levels. 

The  phase  separator  was  designed  as  a  separate  chamber  with  a 
liquid  seal  preventing  bypassing  of  vapor  to  the  rotor  periphery. 

Adjustable  counterweights  were  installed  in  the  rotor  to  compensate 
for  the  unbalanced  liquid  holdup  at  the  periphery. 

Instrumentation  of  the  rotor  included  a  Pace  P-7  differential 
pressure  transducer  to  measure  pressure  drop  across  a  3 -inch  segment 
of  tube  from  the  chamber  to  the  valve,  a  Statham  PM-222  differential 
pressure  transducer  to  measure  pressure  drop  across  the  valve,  a  resis¬ 
tance  thermometer  to  determine  the  temperature  in  the  holdup  chamber,  and 
a  Statham  transducer  to  monitor  signal  pressure  to  the  valve. 
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5.6.4  UOON  Fluid  Control  System  Tests 

A  total  of  16  test  runs  at  various  combinations  of  operating  speed 
and  liquid  flow  rates  were  completed  with  the  test  rotor.  Much  of  the 
test  time  was  spent  observing  operation  of  the  system  under  various 
conditions  rather  than  taking  data,  since  this  procedure  appeared  to  yield 
considerably  more  insight  into  the  behavior  of  the  control  system. 

Basically  the  tests  indicated  that  the  control  system  operated 
successfully  for  a  wide  range  of  conditions  even  though  some  shortcomings 
in  the  system  design  became  apparent.  On  the  basis  of  the  test  results, 
it  should  be  possible  to  design  satisfactory  control  systems  for  the 
boilerplate  separator. 

In  detail  the  following  observations  were  made  during  the  tests: 

a.  Within  the  design  range  of  the  system,  adequate  liquid 
level  control  was  maintained. 

b.  Response  time  of  the  system  appeared  to  be  somewhat 
better  than  the  predicted  4  seconds. 

c.  The  friction  forces  between  the  pistons  and  valve  body 
Introduce  some  hysteresis  into  the  valve  positioning  mechanism. 
Because  of  the  apparent  hysteresis,  it  was  sometimes  difficult 
to  control  liquid  level  when  increasing  rotor  speed.  It  should 

be  possible  to  eliminate  hysteresis  in  future  designs  by  providing 
larger  operating  bellows,  reducing  piston  weight,  and  improving 
bellows  alignment. 

d.  When  not  plagued  by  hysteresis  or  apparent  stick  slip  valve 
travel,  effective  liquid  level  control  was  maintained  for  a  wide 
range  of  flow  conditions  and  a  speed  range  from  300  -  650  RPM. 

e.  Under  certain  off-design  conditions  (usually  lower  flows 
and  speeds)  periodic  oscillations  in  liquid  level  were  observed. 
Periods  of  oscillation  were  32  seconds.  No  satisfactory 
explanation  was  found  for  this  phenomena  other  than  that  most 
likely  these  oscillations  were  due  to  circuit  elements  outside  the 
test  rotor. 

f.  The  phase  separator  worked  well  during  the  tests. 
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g.  Teat  results  confirmed  that  liquid  level  variations 
are  damped  by  changes  in  pressure  drop  across  the  radial 
two-phase  transfer  line  ahead  of  the  valve  since  increasing 
liquid  level  height  decreases  pressure  drop  through  the  line, 
increasing  mass  flow  through  the  line  reduces  pressure  drop, 
and  reduction  in  holdup  chamber  pressure  reduces  line  pressure 
drop. 


h.  Pressure  drop  data  taken  during  UCON  fluid  tests 
indicated  that  a  correlation  developed  by  Hoopes  (Ref.  41)  yields 
the  most  satisfactory  prediction  for  pressure  drop  of  two-phase 
mixtures  through  valves. 

A  detailed  data  analysis  is  presented  in  Appendix  XII. 

5.7  Instrumentation 
5.7.1  Pressure  Transducers 

The  bulk  of  the  internal  instrumentation  of  the  boilerplate 
separator  consists  of  pressure  transducers.  Since  in  previous  test  work 
available  strain  gauge  transducers  were  found  to  be  unsuitable  for 
service  in  a  high  gravitational  field,  it  was  necessary  to  find  a  more 
reliable  transducer  capable  of  operating  within  a  high  gravitational  field 
and  at  cryogenic  temperatures. 

A  suitable  transducer  was  found  to  be  a  Pace  variable  reluctance 
transducer  as  shown  schematically  in  Figure  143.  It  consists  of  two 
"E"  colls  with  air  gaps  separated  by  a  diaphragm  to  complete  the 
magnetic  circuit.  When  a  differential  pressure  is  applied  to  the  taps, 
the  diaphragm  is  deflected.  This  changes  the  inductance  of  the 
circuit  for  each  coil.  The  two  colls  coupled  with  a  pair  of  precision 
resistors  form  a  bridge  circuit  which  is  generally  excited  with  a 
400  cps  or  higher  frequency  oscillator.  The  bridge  output  is  directly 
proportional  to  the  pressure  differential.  The  transducer  is  extremely 
sensitive,  AL/l  being  about  5  per  cent  at  full  scale.  This  type  of 
transducer  configuration  is  very  attractive  for  applications  involving 
high  gravitational  forces  since  the  effect  of  the  acceleration  can  be 
practically  eliminated  by  orienting  the  transducer  in  such  a  manner 
that  the  plane  of  the  diaphragm  is  in  the  direction  of  the  acceler¬ 
ation  . 
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The  Pace  Mcxiel  P-7  (Figure  143)  was  selected  for  evaluation 
In  cryogenic  conditions.  The  Sanborn  150  system  with  a  carrier 
preamplifier  was  used  for  signal  readout.  A  typical  hook-up  is 
shown  in  Figure  144.  The  test  fluid  was  helium  with  the  entire 
transducer  submerged  in  liquid  nitrogen.  A  calibration  curve  for 
the  transducer  is  shown  in  Figure  145 . 

The  conclusions  from  the  test  were: 


a.  The  variable  reluctance  transducer  performed  very 
well  at  cryogenic  temperatures. 

b.  The  transducer  is  extremely  sensitive  and  requires 
that  an  L-pad  attenuator  must  be  inserted  into  the  circuit. 


c.  There  is  a  sensitivity  shift  from  ambient  to  cryogenic 
temperatures,  but  this  is  easily  compensated  for. 


d.  It  is  clear  that  all  traces  of  moisture  must  be 
purged  from  the  transducer  cavity  to  obtain  accurate  data  at 
cryogenic  temperatures. 

The  same  transducer  was  used  for  measuring  pressure 
differences  in  the  control  test  rotor  and  performed  extremely  well 
during  all  test  runs . 

5.7.2  Experimental  Work  -  Optical  Systems 

The  necessity  of  observing  tray  operation  of  the  cryogenic 
100  lb. /sec.  unit  required  experimental  work  to  select  a  suitable 
mirror.  In  selecting  a  mirror,  two  prime  factors  were  considered; 
optical  quality  and  suitability  for  cryogenic  use .  Two  types  of 
mirrors  were  tested.  The  first  was  a  first  surface  mirror  constructed 
of  CR-39,  a  thermal  setting  optical  grade  polyester  material, 
coated  with  a  thin  layer  of  aluminum  with  a  quartz  overlay.  The 
second  was  Alcoa  0.032-lnch  gauge  lighting  sheet  with  a  special 
Alzak  finish. 


The  CR-39  mirror  had  excellent  optical  quality  but  cracked 
in  several  places  when  Immersed  in  liquid  nitrogen.  The  aluminum 
sheet  performed  well  in  liquid  nitrogen  but  unfortunately  does  not 
have  outstanding  optical  properties .  Because  of  its  suitability  for 
cryogenic  service,  the  latter  has  been  used  in  the  design  of  the 
100  Ib./sec.  separator.  ^3  ASRP-2391 
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5.7.3  Vibration  Monitor 

In  the  100  lb. /sec.  unit,  it  is  mandatory  to  be  able  to  sense 
excessive  shaft  unbalance  conditions.  The  rigid  design  of  the  casing 
makes  it  difficult  if  not  Impossible  to  utilize  externally  mounted  vibration 
monitoring  instrumentation.  Since  rugged  instruments  suitable  for  the 
cryogenic  environment  are  not  readily  available,  an  alternate  approach 
was  selected.  A  strain  multiplier  will  be  fastened  to  the  I.D.  of  the 
shaft  at  a  point  where  maximum  shaft  deflection  will  occur .  A  schematic 
of  this  arrangement  Is  shown  in  Figure  146. 

Basically,  the  strain  multiplier  consists  of  strain  gage  mounted 
on  a  plate  which  has  been  weakened  in  the  region  of  the  gage .  Thus  the 
shaft  deformation  will  cause  an  equal  deformation  of  the  multiplier  and 
the  strain  measured  on  the  multiplier  will  be  approximately  L^/L2  times 
the  strain  occurring  in  the  shaft. 

The  unit  has  the  advantage  that  it  can  be  precalibrated  at  cryo¬ 
genic  conditions  and  then  mounted  in  the  shaft  and  that  the  multiplier 
effect  increases  the  sensitivity  of  the  device. 

Experimental  work  has  been  concerned  with  obtaining  reliable, 
reproducible  strain  gage  assemblies  for  cryogenic  use. 

5 . 8  Reboller-Condenser  Fabrication  Problems 

5.8.1  Basic  Considerations 

At  the  outset  of  work  there  appeared  to  be  two  possible  basic 
manufacturing  techniques  for  fabricating  reboiler-condenser  heat  trans¬ 
fer  surfaces.  In  the  first,  which  was  used  for  construction  of  the  UCON 
fluid  test  rotors,  the  surface  is  made  from  curved  tubes  which  are  assembled 
and  brazed  to  form  disks.  In  the  second,  the  surfaces  are  fabricated  from 
two  sheet  metal  disks  which  are  drawn  or  stamped  into  the  desired  con¬ 
tour  -  that  of  a  series  of  curved  half  tubes  -  and  then  permanently  Joined 
at  the  ridges  between  tube  valleys.  Since  the  second  method  appeared 
to  offer  some  advantages  as  to  potential  weight  and  cost  it  was  investi¬ 
gated  in  a  brief  experimental  program . 

A  second  potential  problem  area  in  the  reboiler-condenser  fabri¬ 
cation  is  the  question  of  assembly  and  manifolding  of  individual  heat 
transfer  disks  to  form  an  Integrated  re  boiler-condenser.  Originally  it 
had  been  planned  to  stack  individual  disks  together  using  mechanical 
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fasteners  and  gaskets  to  effect  assembly.  Since  in  work  with  the  UCON 
fluid  test  disks  it  was  shown  that  with  many  gasket  surfaces^  the  chances 
for  fluid  leakage  are  considerably  increased,  it  was  decided  to  reduce  the 
number  of  gaskets  required  for  the  reboller-condenser  assembly  sub¬ 
stantially  by  permanently  assembling  up  to  five  disks  into  integral  modules 
with  permanent  manifold  joints .  Furnace  soldering  was  thought  to  be  the 
most  promising  method  for  assemblylng  multiple  disk  modules.  To  perfect 
techniques  it  was  necessary  to  undertake  a  small  experimental  program. 

5.8.2  Foil  Type  Heat  Exchanger  Surface  Program 

As  previously  mentioned,  during  initial  development  of  the  reboller- 
condenser  heat  transfer  disks  it  was  thought  that  a  lighter  weight  and  less 
costly  design  could  be  achieved  by  stamping  the  exchanger  In  two  halves 
from  aluminum  foil.  The  basic  concept  was  to  braze  the  two  halves  to¬ 
gether  into  a  tube  bundle  as  shown  in  Figure  147.  This  design  has  several 
potential  advantages  over  an  exchanger  made  of  tubes.  They  include; 

a.  Considerable  weight  savings. 

b.  Reduction  in  fabrication  time  due  to  ease  of  mass 
production . 

c.  Cost  reduction  due  to  the  high  price  of  thin  walled 
aluminum  tubing  compared  to  foils  of  equal  thickness. 

d.  Increased  heat  transfer  area  resulting  from  decreased 
brazement  areas. 

e .  Ease  of  headerlng  due  to  the  ability  of  stamping  headers 
as  an  integral  part  of  the  tubes. 


An  experimental  program  was  launched  to  determine  the  feasibility 
of  using  a  stamping  process  to  produce  reboiler-condenser  heat  transfer 
disks  for  the  100  lb. /sec.  air  separator.  The  foremost  problem  faced 
was  that  the  flow  passages  were  curved  and  could  not  be  formed  by  a 
conventional  stamping  process  which  uses  a  combination  of  plastic 
deformation  and  the  drawing  of  metal  from  the  edges  of  the  stamping 
blank.  In  order  to  stamp  the  desired  shape,  forming  had  to  be  entirely 
in  the  plastic  range  with  no  flow  of  material  from  surrounding  areas. 


63  ASRP-2391 


284 


CONFIDENTIAL 


ASD-TDR-63-665,  Part  I 


The  first  stage  of  the  experimental  work  was  designing  a 
die  which  would  permit  forming  entirely  by  plastic  deformation. 

Straight  passages  were  used  in  the  die  since  with  plastic 
deformation,  curvature  of  the  flow  passages  is  irrelevant.  With 
only  a  few  passages,  metal  would  tend  to  be  pulled  in  from  the 
edges,  so  the  die  was  made  for  nine  passages.  In  order  to  reduce 
costs,  a  female  die  (Figure  148)  was  machined  and  a  rubber  pad 
was  used  as  the  male  die.  The  rubber  pad  had  the  additional 
advantage  of  applying  a  uniform  load  over  the  entire  surface  of 
the  boll.  Grease  was  used  between  the  rubber  pad  and  foil  to 
reduce  friction. 

A  Baldwin  tensile  testing  machine  was  used  for  the  stamp¬ 
ing  press.  This  made  it  possible  to  accurately  measure  the 
applied  load . 

The  procedure  used  in  forming  was  as  follows: 

a.  Anneal  all  specimens  to  insure  an  "0"  temper. 

b.  Load  a  series  of  specimens  to  failure  to  determine 
the  utlimate  loading  (ultimate  strength)  of  the  foil  under 
consideration. 

c.  Load  a  second  series  of  specimens  to  just  under 
the  ultimate  load  to  insure  plastic  deformation. 

d.  Measure  the  resulting  deflection. 

e.  Re-anneal  the  deformed  specimens  to  relieve  all 
work  hardening . 

f.  Repeat  steps  1-5  until  the  desired  deformation 
(0.125  Inches)  was  achieved. 

Table  16  indicates  the  foil  samples  used  and  the  recommended 
annealing  temperatures  (Ref.  42). 
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TABLE  16 

ANNEALING  TEMPERATURES  OF  FOIL  SAMPLES 


Materials 

Foil 

Thickness 

Recommended 

Annealing 

Temperature 

Annealing 

Temperature 

Used 

3003 

0.003  in. 

775®  F. 

600®F. 

700®F. 

800®F. 

900®F. 

3003  with 
x-12  braze 
coating 

0.006  in. 

775°F. 

850-900®F, 

1100 

0.010  in. 

650®F. 

600“F. 

650®F. 

750-800®F. 


Table  17  below  indicates  the  data  taken  by  following  the 
procedure  stated  above  for  the  first  drawing  operation . 


TABLE  17 

EXPERIMENTAL  DATA  FOR  FIRST  DRAWING  OF  FOIL 


Materials 

Foil 

Thickness 

Points  of  Failure 
Observed 

2 

lb. /in.  pressure 
on  the  foil* 

Deformation 
of  Surviving 
Samples 

3003 

0.003  in. 

103.1  -  155.6 

0.029  -  0.064  in. 

3003  with 
x-12  braze 
coating 

0.006  in. 

230  -  310 

0.050  -  0.075  in. 

1100 

0.010  in. 

405  -  515 

0.063  -  0.080  in. 

*no  apparent  relation  between  annealing  temperature  and  ultimate 
load  observed. 
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A  typical  failure  of  the  0.003  in.  foil  may  be  seen  in  the 
attached  photograph,  Figure  149. 

Table  18  presents  the  results  of  a  second  drawing  step. 

TABLE  18 


EXPERIMENTAL  DATA  FOR  SECOND  DRAWING  OF  FOIL 


Materials 

Foil 

Thickness 

Points  of  Failure 
Observed 

2 

lb. /in.  pressure 
on  the  foil 

Change  in 
Deflection  from 
The  First  Drawing 

3003 

0.003 

73.6  -  125 

0.011  -  0.020 

1100 

0.010 

394  -  416 

0.020  -  0.025 

The  reduction  in  the  pressure  required  to  avoid  failure  in  the 
specimens  was  the  result  of  a  decrease  in  the  ultimate  strength  of  the 
material  due  to  Improper  annealing  and  due  to  the  thinning  of  the 
material  during  the  first  drawing. 

After  a  third  drawing  operation  it  was  found  that  the  possible 
additional  deformation  amounted  to  only  about  0.005  inches.  In  no 
case  did  additional  drawing  operations  result  in  total  deformations 
above  0.110  inches.  Specimens  tended  to  fail  like  cast  iron  indicating 
that  the  yield  point  and  ultimate  strength  were  very  close  together. 
Considerable  grain  growth  was  observed  after  the  second  drawing 
operation.  Failure  of  specimens  of  the  0.010  inch  foil  resulted 
from  end  defects  on  the  edges  of  the  specimen  rather  than  from 
exceeding  the  ultimate  strength  at  the  center  of  the  transfer 
passages . 
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Data  for  light  gauge  copper  was  found  which  indicated 
that  for  consecutive  stages  of  plastic  deformation,  annealing 
temperatures  tend  to  decrease  as  shown  in  Figure  150.  This 
suggested  that  incorrect  annealing  temperatures  were  responsible 
for  the  premature  failure  of  the  aluminum  foil.  This  opinion  was 
substantiated  by  the  large  observed  grain  growth  indicative  of 
excessive  annealing  temperatures  as  can  be  seen  in  Figure  150. 

No  extensive  annealing  data  on  aluminum  similar  to  the 
one  available  for  copper  could  be  found  in  the  time  available. 

For  this  reason  it  can  be  assumed  that  considerable  work  is 
required  to  develop  the  stamping  process.  Because  of  lack  of 
time  and  cost  incentive  for  using  the  stamping  process  in  the 
construction  of  the  disks,  for  the  boilerplate  reboiler-condenser, 
the  experiments  were  terminated . 

The  stamping  method  appears  to  have  promise  for  future 
flightwelght  hardware  because  of  weight  advantages  and,  therefore, 
appears  worthy  of  further  development  work.  More  advanced 
forming  processes  such  as  explosive  or  magnetic  forming  may  offer 
more  promising  results  and  should  be  explored.  The  actual  weight 
advantages  obtained  would  be  shown  in  future  work. 

5,8.3  Soldering  Experiments 

In  order  to  reduce  the  number  of  gaskets  required  and 
consequently  the  chance  for  gasket  leakage,  it  was  decided  to 
group  the  tube  disks  into  modules  of  five  with  permanently  soldered 
joints  replacing  the  gasket  seals  between  individual  disks.  Aside 
from  reducing  the  number  of  gaskets  required  the  use  of  multi -disk 
modules  also  allows  considerable  savings  in  manufacturing  cost 
due  to  much  simpler  machining  specifications  for  indivdual  disks. 

To  develop  necessary  soldering  techniques  and  reduce  the 
risk  of  high  scrap  rates,  it  was  necessary  to  study  furnace  soldering 
techniques  in  an  experimental  program. 

The  study  showed  that  aluminum  soldering  is  a  nearly 
irreversible  process  because  the  oxide  formed  during  the  initial 
soldering  acts  as  a  stop-off  during  subsequent  attempts  to  repair 
defects.  It  was  found  that  the  majority  of  defects  were  caused 
by  insufficient  capillary  action. 
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The  hypothesis  was  put  forward  that  if  one  or  both  of  the 
surfaces  to  be  soldered  together  were  coated  with  the  soldering  material 
a  sealing  Joint  could  be  obtained  by  heating  the  coated  surfaces  while 
they  were  in  contact.  An  appropriate  flux  would  be  required  to  remove 
the  oxide  on  the  coating  in  order  to  achieve  fusion. 

Initial  experiments  conducted  with  a  commercial  silver  cadmium 
aluminum  solder  resulted  in  successful  solder  joints.  This  solder  was 
expensive,  however,  and  could  not  be  plated  on  aluminum  using  con¬ 
ventional  plating  processes.  Pure  zinc  which  can  be  plated  on 
aluminum  parts  was  later  used  with  success,  as  was  pure  cadmium. 
Cadmium  was  found  not  only  to  give  better  Joints  than  zinc,  but  also 
to  be  superior  at  low  temperatures  because  its  elongation  is  much  higher 
than  that  of  zinc  (18%  vs.  0.6%).  Soldering  temperatures  for  pure 
cadmium  are  between  610  and  650°F.  which  is  advantageously  low 
for  the  disks  coated  with  the  Linde  boiling  surface.  In  soldering,  care 
must  be  taken  that  the  furnace  is  preheated  to  the  soldering  temperature 
before  the  work  piece  is  placed  into  the  furnace  to  prevent  long  heating 
periods  during  which  the  flux  would  become  inactive. 

Additional  experiments  have  shown  that  cadmium  foil 
(0.003  in.  -  0.006  in.  thick),  when  properly  used,  can  replace  the 
coated  surfaces.  In  the  specific  application  at  hand,  it  Is  less 
expensive  to  use  foil  on  the  Inner  header  because  of  difficulty  in  coating 
the  latter. 

As  a  by-product  of  the  above  mentioned  work,  it  was  found  that 
ordinary  pencil  lead  (graphite)  can  be  used  as  a  very  effective  stop- 
off  for  critical  areas  which  are  to  be  protected  from  solder. 

The  conclusions  drawn  from  the  experimental  program  are  that 
it  should  be  possible  to  assemble  modules  by  furnace  soldering. 

6.0  PRELIMINARY  DESIGN  AND  ANALYSIS 

6 . 1  Introduction 

The  preliminary  design  and  analysis  projects  the  mass  trans¬ 
fer  and  heat  transfer  applied  research  programs  to  the  ultimate  flight- 
weight  air  separator.  This  separator  must  be  capable  of  operation  in 
a  hypersonic  aircraft  which  collects  and  stores  oxidizer  in  flight. 

In  the  single  stage  concept,  following  collect,  the  vehicle  accelerates 
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to  orbital  velocity,  and  re-enters  the  earth's  atmosphere  at  the  conclu¬ 
sion  of  its  mission.  In  the  two- stage  concept,  the  separator  is  in 
the  first  stage  which  becomes  the  launching  platform  for  the  orbital 
vehicle.  Thus,  In  either  concept,  the  separator  is  a  propulsion  com¬ 
ponent  in  a  recoverable  booster,  and  as  such  must  be  capable  of  repeated 
missions  with  a  minimum  of  maintenance.  Nominally  fifty  hours  of 
operation  between  major  overhaul  has  been  suggested  as  a  suitable  de¬ 
sign  life. 

The  scope  of  the  preliminary  design  study  Includes  the  following; 

a.  The  weight  and  volume  are  estimated  for  a  full-size 
flight-weight  separator  for  several  cycle  parameters.  These 
studies  are  then  related  to  propulsion  system  integration  in 
a  brief  discussion  of  separator  horsepower  and  refrigeration 
requirements . 

b.  Optimum  arrangements  of  the  major  components  are 
determined  including  the  gains  and  penalties  associated  with 
the  employment  of  several  small  separators. 

c.  The  scaling  effects  are  examined  in  extrapolation  from 
the  100  lb. /sec.  scale  model  to  the  full-size  flight-weight 
separator. 

d.  Effects  of  air  contaminants  on  column  performance  are 
discussed. 

e.  Some  of  the  consequences  of  operating  the  unit  under 
off-design  conditions  are  evaluated.  Transient  conditions  of 
startup  and  shutdown  are  also  discussed. 

f.  Heat  transfer  surfaces  are  evaluated  to  determine  their 
relative  merits  on  a  weight  and  volume  basis. 

g.  Reliability  aspects  of  the  separator  are  discussed 
listing  the  components  and  methods  of  calculating  overall 
reliability. 

6.2  Summary 

In  the  weight  and  volume  analysis  of  a  full-size  flight-weight 
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separator  the  double  column  cycle  studies  are  modified  from  the 
commercial  stationary,  vertical  column  concept  to  the  rotating  high 
gravitational  field  concept.  Using  three  representative  product 
and  waste  purity  levels,  weight  and  volume  estimates  were  presented 
each  month.  These  results  show  that  the  separator  can  be  produced 
within  the  combined  weight  and  volume  goal  of  5.5  pounds  of  separator 
weight  per  lb. /sec.  of  air  throughput,  but  not  under  all  conditions. 

In  computing  the  combined  goal  one  cubic  foot  volume  was  equated  to 
one  pound  of  separator  weight. 

A  parametric  study  was  first  made  with  a  stationary  double 
column  cycle.  Later,  final  results  of  the  mass  transfer  and  heat  trans¬ 
fer  programs  were  utilized  in  an  expanded  parametric  study  of  a  rotating 
separator.  This  study  utilized  product  purities  of  90,  95,  and  98  weight 
per  cent  oxygen,  waste  purities  of  96,  97,  and  98  weight  per  cent 
nitrogen,  and  inlet  pressures  of  180  to  245  psla;  all  cases  at  56.5  psia 
waste  pressure.  Using  a  near-optimum  speed  of  rotation  of  45  radians 
per  second  for  all  cases  the  results  show  that  minimum  separator 
weight  for  this  waste  pressure  occurs  about  250  to  260  psia.  The 
separator  weight  increases  as  inlet  pressure  decreases  since  reboiler- 
,  condenser  AT  is  reduced.  Similarly,  at  constant  inlet  pressure,  the 
separator  weight  Increases  as  higher  product  purity  and/or  waste- 
purity  is  specified  for  the  separator  design  because  the  reboiler- 
condenser  AT  is  reduced.  Thus  it  is  shown  that  separator  weight  is 
controlled  by  reboiler-condenser  AT  and  hence  controlled  by  the 
parameters  affecting  this  AT.  Other  results  of  these  studies  show 
that  the  refrigeration  required  at  the  separator  Increases  as  inlet 
pressvire  and  product  oxygen  purity  decrease  and  as  waste  purity  in¬ 
creases. 

A  study  of  optimum  arrangement  of  components  Indicates  that 
a  single  unit  or  two  parallel  units  would  have  about  the  same  total 
weight  if  total  rated  air  capacity  is  2000  lb. /sec.  The  single  unit 
is  preferred  from  the  functional  and  reliability  viewpoint  since  fewer 
parts  are  required  and  flow  balancing  through  parallel  separators  is 
eliminated . 

Effects  of  scaling  from  l/20  scale  (100  lb. /sec.)  to  the  full- 
size  2000  lb. /sec.  separator  were  examined  for  possible  functional 
problems  which  might  be  encountered  in  the  full-size  unit.  Primary 
Interest  was  in  functional  problems  which  would  arise  in  scaling 
a  proven  l/20  scale  unit  to  the  full-size  separator.  None  were 
uncovered  since  these  units  are  dimensionally  similar  in  diameter. 
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All  major  aomponents  will  therefore  be  tested  within  the  satne 
range  of  gravitational  field  in  the  columns  and  re  boiler-condenser. 

Possible  contaminants  in  the  incoming  air  were  evaluated  for 
their  effect  on  separator  performance.  If  all  carbon  dioxide  and  water 
vapor  above  the  soluble  limit  are  removed  from  the  air  stream  prior  to  its 
entrance  into  the  separator>  no  problems  should  arise .  If  carbon  dioxide 
and  water  vapor  exceed  the  soluble  limit  in  the  inlet  air  stream,  these 
solids  could  cause  problems  in  the  various  orifices  of  the  system.  A 
more  detailed  analysis  of  this  contaminant  problem  is  now  under  study 
under  Contract  AF  33(657)-11753.  These  are  the  only  constituents  of 
the  upper  air  which  could  effect  the  separator.  Combustible  materials 
such  as  hydrocarbons,  which  are  potentially  dangerous  in  usual  air 
separation  plants,  are  not  present  in  the  upper  air  to  any  significant 
degree.  Therefore  no  hydrocarbon  problems  exist.  Precautions  must  be 
exercised  to  exclude  hydrocarbons  from  the  preconditioning  equipment 
since  these  materials  provide  the  same  potential  hazards  as  in  a  ground 
based  oxygen  plant. 

Transient  studies  were  made  and  off-design  performance  was 
evaluated.  Preliminary  estimates  indicate  a  total  startup  time  of  one 
minute  for  the  full  scale  unit.  This  Includes  final  cooldown,  liquid 
buildup  and  purity  buildup.  Cooldown  is  recommended  prior  to  startup 
to  avoid  excessive  thermal  stresses.  This  could  be  done  by  convection 
from  surrounding  hydrogen  tankage  or  by  forced  convection  of  cold 
nitrogen  vapor  through  the  separator  during  preflight  checkout.  During 
operation  off-design  conditions  at  the  air  separator  due  to  deviations 
from  the  design  inlet  and  waste  pressures  can  be  corrected  by  changes 
in  rotational  speed  and/or  air  flow  rate.  It  is  recommended  that  separator 
shutdown  be  a  gradual  process  over  a  period  of  a  minute  or  two  with  the 
air  inlet  flow  rate  and  rotational  speed  being  gradually  lowered  to  avoid 
system  unbalances  such  as  excessive  weeping  or  vapor  flooding.  Con¬ 
siderable  operating  experience,  which  will  be  gained  in  the  test  of  the 
1/20  scale  separator,  can  be  utilized  to  obtain  much  more  definitive 
Information  for  future  transient  studies. 

Future  programs  should  include  a  continuing  evaluation  of  the 
separator,  relating  the  technical  test  programs  to  the  full-size  separator, 
and  integrating  it  with  the  propulsion  system.  A  major  task  in  this 
program  would  include  the  mapping  of  separator  weight  at  waste  pressures 
above  and  below  the  56.5  psla  case  presented  in  this  report. 
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is  a  new  study,  since  eta  is  also  a  function  of  the  hydrogen  pressure 
and  expansion  ratios  used  in  the  reflux  condenser  Interstage  turbines. 

Further  study  is  also  recommended  on  separator  components 
including  the  drive.  This  program  would  survey  currently  available 
hardware  and  evaluate  this  with  possible  new  developments  in  the 
continuing  mechanical  program  recommended  in  Section  5.2. 


6.3  Weight  and  Volume  Analysis 
6.3.1  General 

The  weight  and  volume  of  an  air  separator  can  be  optimized 
in  three  areas:  the  theoretical  cycle,  the  tray  dynamics  (hydraulics 
and  mass  transfer),  and  the  physical  arrangement  of  components. 

Even  with  these  factors  optimized,  the  separator  weight  varies  widely 
with  boundary  conditions  such  as  inlet  pressure,  waste  pressure, 
waste  purity,  and  product  purity.  Since  the  separator  is  only  one 
'  component  of  the  propulsion  system,  and  likely  the  minimum  separator 
weight  does  not  yield  minimum  propulsion  system  weight,  a  weight 
mapping  program  was  undertaken.  With  this  map,  system  designers 
can  determine  separator  weight  at  various  boundary  conditions,  when 
determining  system  weight. 

The  following  weight  and  volume  study  program  was  developed 
in  this  contract.  Initially,  cycle  studies  for  stationary  systems  were 
performed  for  a  number  of  theoretical  cycles  to  Indicate  means  of 
minimizing  refrigeration  and  weight.  Preliminary  parametric  studies 
of  pressures  and  purities  were  made  to  indicate  weight  trends.  When 
these  studies  were  completed,  attention  turned  to  rotary  system 
analyses.  The  results  of  the  mass  transfer  and  tray  hydraulic  and 
heat  transfer  experimental  programs  were  utilized  for  system  design. 
Various  mechanical  arrangements  of  the  components  were  Investigated 
for  the  optimum.  Using  this  optimum  arrangement,  a  weight  mapping 
program  was  initiated  for  the  boundary  conditions  of  interest.  Separator 
weights  were  calculated  using  the  general  form  of  the  stress  equations 
to  make  certain  that  all  major  components  were  calculated  on  the 
basis  of  design  stress  resulting  from  pressure  and  rotational  speed. 
Results  from  a  separate  heat  transfer  study  (Section  6.8)  and 
optimum  component  study  (Section  6 . 3 . 3 . 8)  showed  that  the 
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for  the  selected  single  rotor  system  used  an  optimum  rotational  speed 
consistent  with  reasonable  column  pressure  drop  (reboiler-condenser  AT) 
in  developing  the  weight  maps. 

Throughout  the  preliminary  design  study,  a  monthly  weight 
estimate  was  prepared  to  show  the  range  of  weights  predicted  for  the  maxi¬ 
mum  and  minimum  purity  cases  at  confidence  levels  of  95%,  50%  and  20%. 

6.3.2  Stationary  System  Cycle  Studies 

6 . 3 . 2 . 1  Parametric  Trends  in  the  Stationary  System 

In  earlier  contracts,  the  basic  double  column  cycle  shown  in 
Figure  151  was  established  as  the  cycle  offering  minimum  weight  and 
refrigeration.  This  is  the  same  cycle  used  commercially  for  oxygen  pro¬ 
duction.  Under  this  contract  this  cycle  was  again  found  to  be  the  most 
desirable  and  hence  was  the  basis  for  the  weight  and  volume  study. 
Physical  property  data  used  in  this  study  were  obtained  from  References  20 
and  43. 


It  was  recognized  that  the  stationary  system  study  would  provide 
a  useful  tool  to  show  the  effect  of  cycle  boundary  conditions  on  the  number 
of  theoretical  trays  and  system  heat  duties.  These  two  items  are  the  important 
parameters  which  determine  system  weight  and  volume .  The  number  of  trays 
Influences  column  pressure  drop  and  therefore  the  AT  across  the  reboller- 
condenser.  Also,  rotor  diameter  and,  hence,  volume,  is  determined  by 
the  number  of  trays.  System  heat  duties,  the  other  parameter,  include 
the  reboiler-condenser  duty  which  strongly  influences  the  separator  weight, 
and  two  refrigeration  duties  which  determine  the  liquid  hydrogen  required 
to  produce  a  pound  of  oxidizer.  These  refrigeration  duties  are  the  reflux- 
condenser  duty  which  is  a  rigid  thermodynamic  requirement  of  the  design 
conditions  and  the  product  subcooler  duty  which  depends  on  the  desired 
product  storage  pressure.  This  pressure  may  be  varied  independent  of 
the  other  boundary  conditions . 

The  results  of  this  system  study  are  summarized  in  Table  19  and 
individual  point  data  are  included  in  Appendix  XIII.  The  resulting  trends 
are  presented  as  follows; 
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10 
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0.8874 
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6.0 

10 

0.01755 

0,8874 
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9.1 

10 

0.01755 
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The  number  of  low  pressure  column  theeretlcal  trays  will 
deerease  with; 

a.  Decreasing  high  pressure  column  pressure. 

b.  Decreasing  low  pressure  column  pressure. 

c.  Decreasing  waste  nitrogen  purity. 

d.  Decreasing  product  oxygen  purity. 

The  number  of  high  pressure  column  theoretical  trays  will 
decrease: 

a.  With  decreasing  high  pressure  column  pressure. 

b.  Indirectly  with  decreasing  low  pressure  column 
pressure. 

c.  Indirectly  with  decreasing  waste  nitrogen  purity. 

d.  Indirectly  with  decreasing  product  oxygen  purity. 

The  indirect  relationship  results  because  the  number  of  high 
pressure  column  trays  is  a  direct  function  of  the  purities  in  the  kettle 
and  shelf  streams  which  are  transferred  from  the  high  pressure  column 
to  the  low  pressure  column.  The  purities  required  of  these  streams  are 
*  in  turn  partially  determined  by  low  pressure  column  pressure  and  purities. 

The  reboiler-condenser  heat  load,  QR,  will  decrease: 

a.  With  increasing  high  pressure  column  pressure. 

b.  Indirectly  with  increasing  or  decreasing  low  pressure 
column  pressure  where  the  changes  required  in  kettle  and  shelf 
stream  purities  determine  the  dependence. 

c.  Indirectly  with  increasing  waste  nitrogen  purity  be¬ 
cause  of  the  probable  increase  in  shelf  stream  nitrogen  purity. 

d.  Indirectly  with  decreasing  product  oxygen  purity  be¬ 
cause  of  the  probable  decrease  in  kettle  stream  oxygen  purity. 

The  system  refrigeration  load,  QC,  will  decrease  with: 

a.  Increasing  high  pressure  column  pressure  . 

b.  Increasing  low  pressure  column  pressure. 

c.  Increasing  product  oxygen  purity  due  to  the  resultant 
increase  in  waste  stream  flow. 

d.  Decreasing  waste  nitrogen  purity  due  to  the  resultant 
increase  in  waste  stream  flow. 
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The  product  subcoQling  heat  load,  QS,  will  decrease;  , 

a.  With  increasing  product  oxygen  purity. 

b.  With  decreasing  low  pressure  column  pressure. 

c.  Indirectly  with  decreasing  high  pressure  column  pressure 
which  leads  to  a  resultant  drop  In  low  pressure  column  pressure 
because  of  the  reduced  number  of  low  pressure  column  theoretical 
trays . 

d.  Indirectly  with  decreasing  waste  nitrogen  piority  which  leads 
to  a  resultant  drop  in  low  pressure  column  pressure  because  of 
the  reduced  number  of  low  pressure  column  theoretical  trays. 

This  study  established  a  foundation  for  future  rotary  system 
analysis  as  It  indicated  the  basic  cycle  trends.  These  results  are  not 
numerically  directly  applicable  to  the  rotary  system  because  of  the 
additional  variable  of  rotational  speed.  This  variable  will  influence  the 
cycle  study  in  the  following  manner. 

a.  The  stationary  system  analysis  is  based  on  a  constant 
pressure  level  in  the  high  pressure  column  but  a  rotating  system 

,  will  cause  a  substantial  non-linear  variation  in  high  pressure 
column  pressure. 

b.  The  stationary  system  pressure  level  in  the  low  pressure 
column  changes  in  a  linear  fashion  whereas  the  rotating  system 
pressure  changes  non-linear ly. 

This  non-linear  variation  in  pressure  level  will  affect  the 
theoretical  tray  counts  and  the  system  heat  duties.  The  nature  of  the 
variation  is  presented  in  Section  6. 3. 3. 6. 

6. 3. 2. 2  Cycle  Improvements  for  the  Stationary  System 

Having  established  that  the  double  column  cycle  was  the  most 
efficient,  some  effort  was  devoted  to  improving  this  cycle  by  reducing 
the  refrigeration  load,  QC,  in  the  stationary  system.  The  flrst  item 
considered  was  subcooling  the  reflux  liquid  nitrogen  before  it  passes 
through  the  shelf  transfer  valve  (Figure  151)  to  the  low  pressure  column. 
Point  No.  6  shows  the  result  of  this  modification  of  Point  No.  2.  The 
hydrogen  refrigeration  requirements  can  be  reduced  by  addition  of  a 
heat  exchanger  to  subcool  the  shelf  liquid  transferred  from  the  high 
pressure  column  to  the  low  pressure  column.  Total  refrigeration  require¬ 
ments  of  the  system  are  not  changed,  but  QC  is  reduced  by  11%  to 
616  Btu/lb.-mole  feed  since  78  Btu/lb.-mole  feed  can  be  supplied  by 
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si^eoeUng  the  shelf  transfer  liquid  With  th©:  reMfiFa^Sn  14  thd  elffir 
w^st^e  vapisr  stream.  The  heat  r44ha”4^er  ebiild’hi  'ahewiie: 
containing  only  these  streams,  or  the  subcoollng  coH  eburdnSsluppIied 
as  an  ascesspry  in  the  preconditioning  section.  It  Is  complicated  by 
the  removal  of  the  liquid  stream  and  its  return  to  the  rotating  column. 

The  tray  requirements  of  the  low  pressure  column  have  a  net 
increase  of  0.2  theoretical  trays  since  more  reflux  is  supplied  from  the 
lower  purity  shelf  transfer  stream.  This  replaces  a  portion  of  the  higher 
purity  waste  vapor  which  is  condensed  in  the  reflux  condenser.  Con¬ 
sequently,  total  reflux  purity  decreases,  requiring  slightly  more  trays 
to  achieve  the  same  waste  purity. 

The  next  Improvement  investigated  was  the  use  of  liquid  trans¬ 
fer  turbines  in  place  of  valves  where  pressure  is  reduced  in  transfer 
of  the  shelf  and  kettle  streams  from  the  high  pressure  column  to  the 
low  pressure  column. 

To  reduce  the  external  refrigeration  requirements  at  the  reflux 
condenser,  it  is  desirable  to  approach  the  reversible  cycle  by  utilizing 
,  isentropic  rather  than  Isenthalpic  expansion  of  the  high  pressure  liquid 
streams.  Point  No.  7  assumes  60%  efficiency  Pn  this  isentropic 
expansion.  Total  refrigeration  is  reduced  from  694  to  656  Btu/lb.-mole 
feed,  a  net  saving  of  38  Btu/lb.-mole  feed,  at  the  cost  of  0.4  theo?- 
retical  trays  in  the  low  pressure  column. 

The  combined  effect  of  reflux  subcooling  and  liquid  turbines  is 
shown  in  Point  No.  8.  Essentially  the  refrigeration  saving  is  the  sum 
of  that  available  from  the  Individual  steps.  No  additional  improve¬ 
ment  was  found  by  combining  the  two  features.  Therefore,  the  transfer 
turbine  feature  appears  attractive  on  its  own  to  effect  about  a  5.5% 
reduction  of  refrigeration.  It  was  learned  there  is  no  refrigeration 
excess  at  warmer  levels  in  the  heat  exchangers.  Therefore,  there  is 
no  incentive  to  use  the  subcooling  feature.  This  work  indicated 
that  turbine  expansion  will  affect  considerable  savings  in  hydrogen 
refrigeration  with  very  slight  theoretical  tray  penalties.  (Where  this 
cycle  is  translated  to  the  rotating  system  it  is  shown  that  turbine 
expansion  can  be  achieved  in  the  rotor  without  the  penalty  of  turbine 
hardware.) 
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6.3.3  Rotary  System  Studies 

6.3.3. 1  Process  Description  of  Rotary  Air  Separator 

In  Figure  151  the  basic  double  column  cycle  was  presented  for 
stationary  column  design.  This  cycle  was  then  adapted  to  the  rotating 
column  where  centrifugal  effects  are  added  to  the  usual  cycle .  The 
resultant  mass  flowsheet.  Figure  152,  was  developed.  This  flowsheet 
is  based  on  a  rotational  speed  of  60  rad. /sec.  and  recovery  of  one-half 
of  the  inlet  air  superheat  which  results  from  rotational  field  compression 
of  the  inlet  air  vapor  in  passing  from  the  inlet  shaft  to  the  periphery  of 
the  high  pressure  column.  Later  studies  use  a  different  speed  and  assume 
complete  recovery  of  inlet  air  superheat.  A  pictorial  view  of  the  current 
flight-weight  air  separator  design  is  presented  in  Figure  153. 

Referring  again  to  the  flowsheet,  Figure  152,  the  separator  inlet 
air  vapor  enters  the  separator  at  the  shaft  (right  side)  and  flows  to  the 
periphery  of  the  high  pressure  column,  being  compressed  and  superheated 
in  the  process,  which  adds  52  Btu/lb.-mole  to  the  feed  air.  It  enters 
the  high  pressure  column  and  passes  radially  Inward  through  the  column 
wher,e  for  this  cycle  half  of  this  energy  is  returned  to  the  rotor.  It  contacts 
the  liquid  on  each  tray  where  distillation  (mass  transfer  and  heat  transfer) 
is  achieved.  Distillation  occurs  here  in  pressure  ranges  of  200  to  300  psla 
depending  on  the  cycle  used.  The  refrigeration  for  the  high  pressure  column 
is  provided  by  the  reboiler-condenser  which  absorbs  the  heat  load  by 
totally  condensing  the  high  pressure  column  nitrogen-rich  vapor  stream. 

A  portion  of  this  condensate  is  transferred  to  the  low  pressure  column  as 
reflux.  The  balance  flows  through  the  high  pressure  column  where  it 
becomes  richer  in  oxygen  and  is  collected  at  the  periphery  for  transfer 
to  the  low  pressure  column.  This  is  the  "kettle"  liquid  which  contains  a 
high  percentage  of  oxygen.  These  two  streams  undergo  nearly  isen- 
tropic  expansion  as  in  a  txirbine  when  moving  radially  inward  to  the 
control  valves  where  the  expansion  to  the  low  pressure  column  is  completed. 
The  "shelf"  liquid  enters  at  the  radially  innermost  portion  and  the  "kettle" 
enters  between  the  enriching  and  stripping  sections  at  the  kettle  separator. 
This  expansion  was  calculated  as  an  80%  efficient  isentropic  process  to 
allow  for  piping  friction  and  throttling  in  the  valves. 

The  low  pressure  column  consists  of  a  nitrogen-rich  enriching 
section  mounted  next  to  the  shaft,  and  an  oxygen  rich  stripping  section 
surrounding  the  enriching  section.  Distillation  in  this  column  occurs  in 
a  much  lower  pressure  range  than  the  high  pressure  column,  nominally 
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45  to  100  psia.  The  results  of  the  distillation  in  the  lew  pfessure 
column  yield  a  waste  vapor  stream  of  almost  pure  nitrbgen>-  which 
leaves  the  enriching  section  through  the  shafts  and  an  6xygeh”i^Gh 
liquid  stream  leaving  the  stripping  section  at  the  periphery. 

The  source  of  refrigeration  for  the  low  pressure  column  and 
the  entire  air  separator  system  is  the  reflux  condenser  which  condenses 
a  portion  of  the  waste  nitrogen  vapor  leaving  the  low  pressure  column 
to  provide  additional  liquid  reflux.  Refrigeration  is  provided  by  high 
pressure  hydrogen  supplied  external  to  the  air  separator  system.  The 
hydrogen  conditions  represented  in  this  cycle  are  not  recommended  as 
an  optimum  but  are  typical  of  some  propulsion  cycles. 

The  oxygen-rich  liquid  stream  leaves  the  rotating  low  pressure 
column  through  a  diffuser  which  converts  its  kinetic  energy  to  static 
pressure.  It  is  then  expanded  through  an  expansion  turbine  into  a 
liquid-vapor  separator  where  the  liquid  is  enriched  slightly  in  oxygen 
content.  The  liquid  leaving  this  separator  blends  with  an  oxygen-rich 
recycle  stream  from  a  second  separator  and  enters  the  rotating  reboiler- 
condenser  through  the  shaft.  This  liquid  stream  boils*  absorbing  the 
high  pressure  column  heat  load.  In  the  boiling  it  undergoes  an  equili- 
'  brium  distillation  enriching  the  oxygen  content  in  the  residual  liquid 
which  leaves  the  rotating  system  through  another  diffuser.  This  oxygen- 
rich  liquid  is  expanded  through  a  turbine  which  discharges  into  the 
second  liquid-vapor  separator  previously  mentioned .  The  liquid  stream 
resulting  from  this  expansion  is  enriched  to  the  desired  product  oxygen 
purity.  Part  of  it  is  withdrawn  as  product  liquid  which  then  passes 
through  a  subcooler  and  turbine  to  storage  probably  at  1  atm.  saturation. 
The  remainder  is  blended  with  the  liquid  stream  from  the  first  separator, 
and  both  liquid  streams  are  recirculated  through  the  reboller- 
condenser.  The  vapor  streams  from  the  first  and  second  separators 
are  blended  and  introduced  into  the  rotating  system  through  the 
shaftj  mixed  with  the  vapor  from  the  boiling  side  of  the  reboller- 
condenser  and  sent  to  the  periphery  of  the  low  pressure  column. 
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6 , 3, 3 . 2  Computer  Analysis 

The  rotary  system  analysis  incorporated  the  use  of  three 
computer  programs  because  of  the  complexity  of  the  rotary  system 
design.  The  low  pressure  column  and  high  pressure  column  each 
require  a  design  program  to  develop  the  physical  dimensions  and 
process  data.  A  third  computer  program  utilizes  the  column  infor¬ 
mation  to  compute  weight  and  volume  of  the  separator. 

A  low  pressure  column  design  program  was  written  utilizing 
tray  dynamics  and  mass  transfer  correlations,  presented  in  Section 
3.0  of  this  report.  This  program  uses  iterative  optimization  proce¬ 
dures.  It  is  based  on  the  results  of  the  low  pressure  column 
thoeretlcal  tray  counts  obtained  in  the  stationary  system  cycle 
studies,  but  with  a  pressure  correction  to  take  the  gravitational 
field  into  account.  Basically,  given  the  low  pressure  column 
boundary  conditions,  the  program  will  size  the  column  for  a 
specified  rotational  speed  based  on  optimum  superficial  vapor 
velocity.  This  program  is  presented  in  detail  in  Appendix  XIV. 

The  next  computer  program  was  developed  for  design  of  the  high 
pressure  column.  It  also  utilizes  the  tray  dynamics  and  mass  transfer 
correlations  presented  in  Section  3,  but  performs  theoretical  tray 
counting  as  a  function  of  gravitational  field  pressure  level.  The 
distillation  process  is  completely  analyzed,  tray  by  tray.  This 
program  also  uses  iterative  optimization  procedures  to  find  the  best 
superficial  vapor  velocity  for  a  given  rotational  speed  and  column 
boundary  conditions.  This  program  is  presented  in  detail  in  Appendix  XV. 

The  technique  for  closure  on  the  optimum  superficial  vapor 
velocity  Is  presented  in  Appendix  XVI .  (Ref.  39,  pg.  447).  This 
technique  is  used  in  both  column  programs . 

Finally,  the  results  of  the  low  and  high  pressure  column  computer 
programs  were  utilized  in  basic  stress  and  process  requirement  equations 
making  up  an  air  separator  weight  and  volume  program.  The  results  of 
this  program  formed  the  basis  for  the  weight  and  volume  mapping.  The 
weight  program  is  presented  in  Appendix  XVII. 

6 . 3 . 3 . 3  Optimum  Rotational  Speed 

Optimum  rotational  speed  is  that  speed  which  produces  minimum 
separator  weight  and  volume.  It  was  recognized  that  the  reboiler-condenser 
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would  be  the  governing  weight  and  volume  item', for  the  dydles  of 
interest,  so  cycles  were  selected  to  span  the  maximum  to -mitiimum 
ATceses.  As  shown  in  Section  4.0  of  this  report)  the  rebelrler-oondenser 
condensing  side  film  assumes  the  major  portion  of  the  overall  temperture 
drop.  Both  the  condensing  film  coefficient  and  the  overall  coefficient, 

Uo,  rise  with  increasing  rotational  speed.  Since  the  overall  AT  is  a 
function  of  column  pressure  drop,  which  increases  as  rotational  speed 
increases,  an  increase  in  speed  reduces  the  overall  AT.  It  is  therefore 
necessary  that  the  product  U©  AT,  which  is  equal  to  the  reboiler- 
condenser  heat  flux  Q/A,  be  maximized  for  minimum  weight  and  volume . 

Figure  154  was  developed  to  find  a  single  speed  that  would  be  an 
approximate  optimum  for  the  range  of  the  cycles  of  interest.  In  this 
figure,  the  weight  and  volume  of  three  cycles  representing  high,  medium 
and  low  AT's  are  plotted  against  rotational  speed.  As  shown,  the  cycle 
with  the  small  AT  (200-95-97)  has  a  sharp  optimum,  and  the  optimum 
range  broadens  as  the  cycles  with  the  larger  AT's  are  considered.  The 
dotted  line  illustrates  that  45  rad. /sec.  appears  to  be  the  best  single 
speed  to  represent  the  optimum  speeds  for  the  cycles  of  interest  and  it 
was  used  in  the  weight,  volume  and  parametric  trend  studies  of  this  report. 

‘  6 . 3 . 3 . 4  Inlet  Pressure  Perturbation 

Figures  155,  156,  and  157  represent  the  first  parametric  studies 
at  the  optimum  speed  of  45  rad. /sec.  where  parameters  influencing 
system  weight  and  refrigeration  are  studied.  As  shown,  all  three^flgures 
are  concerned  with  a  perturbation  on  separator  inlet  pressure.  Figures 
155  and  156  are  essentially  weight  parameter  studies.  Figure  155  shows 
the  number  of,  low  pressure  column  trays  Increases  with  a  rise  in 
separator  inlet  pressure  because  the  high  pressure  column  performance 
is  reduced,  shifting  the  load  to  the  low  pressure  column  (because  of 
lower  shelf  and  kettle  stream  purities). 

Reboiler-condenser  heat  transfer  area  decreases  as  inlet  pressure 
increases  to  245  psla,  due  to  Increased  AT,  as  shown  in  Figure  156.  The 
Increase  in  high  pressure  column  pressure  more  than  conipensates  for 
the  increased  column  pressure  drop  due  to  the  increasing  number  of 
trays  in  both  columns.  However,  when  the  separator  inlet  pressure  is 
large  enough  to  cause  a  substantial  increase  in  low  pressure  column 
trays  (exceeding  260  psia)  the  column  pressure  drop  will  be  controlling, 
reversing  the  trend. 


63  ASRP-2391 


309 


SECRET 


OPTIKAUM  ROTATIOMA^L  &PE5.P 
WASTB  paftS^Pft-Sfc.S  PSIA 
IMLBT  AIR  FLOW  PATB  20*a 
volume  P6MALTV«  I  L&/  CU.  FT. 


SEFARATOe 
IWLET 
PRBSajRE 
PS  I A 


WASTft  PROD. 
PURITY  PURtlY 
WT^Nj  'fTtyoO'z 


63  ASRP-2391 


310 


SECRET 


SECRET 


o 


ASB»TBR«63-665,  Part  I 


IMLET  PR&SSURS  PERTURBATION 
HEAT  EXCHANGa&R  DUTISS 

WASTBi  PRESSURE  »  S&.S  PSIA 
ROTATIOMAL.  SPEED  =  4S  RAD.  /  SEC. 


i 


313 


63  ASRP-2391 


SECRET 


AIB-TBR-63-865,  Part  I 

Figure  157  shows  the  trend  of  the  heat  duty  of  the  rehoilir?' 
cQhdenser  and  is  essentially  Independent  of  the  required  purity  v  This 
demonstrates  the  important  principle  that  reboiler-conderrser  size  in 

а.  constant  pressure  study  is  solely  a  function  of  reboller-condenser 
AT  as  determined  by  column  pressure  drop.  The  reflux  condenser 
duty  also  decreases  as  inlet  pressure  increases^  but  the  change  is 
less  pronounced.  The  decrease  in  reboller-condenser  and  reflux 
condenser  heat  duties  with  increasing  separator  inlet  pressures  support 
the  use  of  higher  separator  inlet  pressures  for  minimum  air  separator 
weight,  volume  and  refrigeration. 

б .  3 . 3 . 5  Waste  Purity  Perturbations 

In  Figure  158  the  tray  requirements  for  a  rotating  column  are 
shown  to  Increase  with  increasing  waste  nitrogen  purity  due  to  the  usual 
pinch  condition  in  attaining  high  ptirlties  in  fractional  distillation.  A 
similar  trend  in  reboller-condenser  area  is  shown  in  Figure  159.  As 
the  waste  purity  Increases,  the  required  reboiler-condenser  area  also 
increases.  This  is  due  to  the  increased  number  of  low  pressure  column 
trays  and  therefore  reduced  AT.  The  column  pressure  drop  increases  with 
the  increased  number  of  trays  leaving  less  pressure  difference  between 
hlgh’and  low  pressure  sides  of  the  reboiler-condenser.  This  determines 
the  AT.  Consequently,  increasing  waste  purity  will  increase  both  the 
column  weights  and  the  reboller-condenser  weight. 

The  reboiler-condenser  heat  duty  shown  in  Figure  160  is  Independent 
of  waste  nitrogen  purity.  Refrigeration  requirement  at  the  reflux  condenser 
increases  when  waste  purity  Increases.  This  results  from  the  lower  mass 
flow  in  the  waste  stream  and  Increased  flow  in  the  product  stream.  Thus, 
the  waste  stream  heat  content  decreases  as  nitrogen  content  increases, 
requiring  more  refrigeration  from  the  hydrogen  in  the  reflux  condenser. 

6. 3. 3. 6  Low  Pressure  Column  Pressure  Perturbation 

The  low  pressure  column  pressure  level  is  essentially  determined 
by  the  waste  pressure  and  the  rotational  speed.  Since  the  waste  pressure 
for  the  rotary  system  studies  was  fixed  at  56.5  psia  and  an  optimum 
speed  of  45  rad. /sec.  was  used,  no  actual  perturbation  data  for  low 
pressure  column  pressure  could  be  presented.  However,  pertinent  trends 
are  revealed  from  the  earlier  studies  of  stationary  columns.  As  shown 
in  Figure  161,  the  low  pressure  column  theoretical  tray  requirement  will 
increase  due  to  distillation  occurring  at  higher  pressures.  The  reboiler- 
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Q-OJ^inser  area  will  increase  due  to  reduced  4f  resultifng^dm 
increased  low  dressure  column  pressure  *  INdte  tRat  We 
rtient  of  the  reboiler-condenser  indreases  sharply  as  We  Tew  pfe'ssure 
column  pressure  level  rises  against  a  fixed  inlet  pressure.  This 
demonstrates  the  AT  squeeze.  The  reboiler-condenser  heat  load, 
shown  in  Figure  162,  is  independent  of  low  pressure  column  pressure. 
This  follows  the  earlier  studies  which  show  reboiler-oondenser  duty 
is  only  a  function  of  inlet  pressure.  The  reflux  condenser  heat  load  will 
decrease  with  Increasing  waste  pressure  due  to  more  system  heat  leaving 
with  the  waste  stream. 


The  second  approach  to  a  perturbation  on  low  pressure  column 
pressure  is  to  let  rotational  speed  vary.  Thus,  at  constant  waste 
pressure,  the  peripheral  pressure  becomes  a  direct  function  of  rotational 
speed.  Figinres  163,  164  and  165  Illustrate  trends  for  fixed  waste 
pressure  and  variable  rotational  speed  where  the  peripheral  low  pressure 
column  pressure  is  determined  by  these  quantities.  Figure  163  shows 
that  as  the  low  pressure  column  pressure  level  Increases,  the 
theoretical  tray  requirement  also  increases.  In  Figure  164  the  reboiler- 
condenser  heat  transfer  area  shows  a  minimum  which  is  characteristic 
of  the  inter-relation  between  AT  and  heat  flux  as  functions  of  rotational 
speed.  Note  the  similarity  to  Figure  154  in  Section  6. 3. 3. 3.  The  heat 
duties  in  Figure  165  decrease  as  peripheral  pressure  increases.  The 
reboiler-condenser  heat  duty  is  not  a  direct  function  of  low  pressure 
column  pressure  but  a  function  of  rotational  speed  which  determines 
the  peripheral  pressure.  The  reboiler-condenser  duty  decreases  with 
Increasing  rotational  speed  because  the  enthalpy  of  the  kettle  and 
shelf  streams  increases,  removing  more  heat  from  the  high  pressure 
column  and  thus  relieving  the  reboiler-condenser  of  this  duty.  The 
reflux  condenser  duty  also  decreases  with  increasing  rotational  speed 
primarily  because  of  the  resultant  higher  product  pressure  and,  there¬ 
fore,  higher  product  enthalpy. 

6 . 3 . 3 . 7  Product  Purity  Perturbations 

A  product  purity  perturbation  was  made  for  the  rotating 
separator.  In  Figure  166  the  trend  shows  more  low  pressure  column 
trays  are  required  to  achieve  higher  product  purity,  and  at  extremely 
high  product  purities  a  pinch  occurs  analogous  to  the  waste  purity 
pinch.  The  reboiler-condenser  area  requirement  in  Figure  167  shows 
the  area  must  also  increase.  The  pinch  condition  is  even  more 
dramatic  in  this  figure.  The  reboiler-condenser  area  change  is  strictly 
a  AT  effect  since  Figure  168  shows  that  the  reboiler-condenser  duty 
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is/nijt- a. direct  function  of  product  oxygen  purity.  Reflux  condenser 
duty-dfioreases  ss  the  product  purity  increases  because  the  product 
quantity  decreases,  requiring  less  refrigeration  to  make  the  reduced 
quantity  of  liquid. 

Summarizing  the  perturbation  studies,  both  the  tray  require¬ 
ments  and  reboiler-condenser  area  minimize  by  reducing  waste  purity, 
reducing  product  purity,  and  reducing  low  pressure  column  pressure. 

The  inlet  pressure,  however,  shows  counter  trends  where  the  controlling 
parameter,  reboller-condenser  area,  decreases  with  increasing  inlet 
pressure,  up  to  about  245  psia.  Higher  inlet  pressures  will  gradually 
increase  system  weight  due  to  decline  in  distillation  performance,  in¬ 
creased  pressure  drop  and  reduced  AT.  External  refrigeration  in  the 
form  of  hydrogen  supplied  to  the  reflux  condenser  can  be  minimized 
by  decreasing  waste  purity  and  increasing  inlet  pressure,  increasing 
product  purity,  increasing  waste  pressure,  and  increasing  rotational 
speed. 

6. 3. 3. 8  Optimum  Arrangement  of  Components 

Investigation  of  the  optimum  physical  arrangement  of  the 
separator  was  undertaken  early  in  the  program  to  provide  one  optimum 
common  configuration  for  the  various  weight  and  volume  studies  later 
in  the  program.  Arrangements  considered  were  a  single  rotor  contain¬ 
ing  all  components,  separate  major  components  to  permit  each  to  revolve 
at  its  individual  optimum  speed,  and  finally  multiple  parallel  units.  In 
this  last  case  each  rotor  is  a  completely  Integrated  single  rotor,  but  of 
smaller  scale  than  in  the  first  case.  Multiples  of  these  smaller 
separators  would  be  operated  in  parallel  to  achieve  the  desired  total 
flow  capacity. 

To  achieve  the  best  physical  arrangement,  the  functional 
considerations  of  each  component  were  noted  and  then  they  were  combined 
in  the  fashion  which  minimizes  the  fluid  entrance  and  exit  problems  from 
the  rotor.  The  arrangement  selected  for  the  single  rotor  configuration  is 
shown  in  Figure  152  and  153,  This  side-by-side  arrangement  of  the 
columns,  fitted  around  the  curved  tube  reboller-condenser,  was  con¬ 
ceived  and  proposed  by  T.lnde . 

This  single  rotor  configuration  is  the  recommended  approach 
because  it  offers  the  best  potential  for  minimum  weight.  The  reboller- 
condenser  is  mounted  near  the  hub  so  that  the  high  pressure  liquid 
nitrogen  streams  can  be  transferred  within  the  rotor  to  the  two  columns . 
The  reflux  stream  flowing  from  the  reboller-condenser  to  the  high  pressure 
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column  moves  radially  .outward  to  avoid  any  pressure  loss,  The 
shelf  portion  transferred  to  the  low  pressure  column  undergoes 
nearly  isentropic  expansion  as  it  flows  ra'dTally  inward.  Some 
additional  pressure  drop  is  added  in  the  control  valve.  Kettle 
liquid  is  transferred  in  the  same  manner  from  the  periphery  of  the 
high  pressure  column.  These  transfers  are  polytropic,  approximated 
by  an  80%  efficient  Isentropic  process  between  columns.  The 
oxygen  vapor  from  the  reboller-condenser  is  also  transferred  within 
the  rotor  in  the  most  direct  manner  to  the  periphery  of  the  low 
pressure  column.  The  relative  position  of  these  components 
enhances  the  reboller-condenser  AT. 

One  of  the  most  difficult  problems  is  transfer  of  liquids 
from  the  periphery  to  the  hub  of  the  rotor.  There  is  not  sufficient 
head  to  move  these  liquids  against  the  "g"  field  so  they  are  removed  in 
diffusers  and  returned  to  the  hub  in  an  external  circuit.  This 
configuration  presents  the  low  pressure  liquid  streams  for  transfer 
from  the  periphery  thus  minimizing  the  head  on  the  diffuser  seals. 

This  too  minimizes  weight. 

From  the  above  it  is  concluded  that  the  relative  position  of 
’  components  recommended  in  the  single  rotor  offers  minimum  weight 
and  the  most  efficient  package  from  the  process  viewpoint. 

Alternatives  to  the  single  rotor  design  were  investigated. 

Each  full  scale  component  was  analyzed  to  determine  its  minimum 
weight  as  a  function  of  rotational  speed.  Hopefully  some  total 
weight  saving  could  Lo  achieved  by  mounting  each  component  on  a 
separate  shaft  rotating  at  its  optimum  speed.  The  results  are  plotted 
on  Figure  169  where  individual  component  weights  are  shown  without 
drive,  bearings,  and  shafts.  These  auxiliaries  are  added  to  the 
total  weights  for  single  and  two  rotor  designs. 

Since  the  single  rotor  reboller-condenser  weight  is  minimum 
around  50  rad. /sec.  this  provides  minimum  separator  weight  for  a 
single  rotor.  Column  weights  are  relatively  insensitive  to  rotation¬ 
al  speed  but  this  speed  has  great  effect  on  pressure  drop  and  AT. 
Hence,  single  rotor  reboiler-condenser  weight  Increases  sharply 
above  60  rad. /sec. 
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Now  if  the  columns  are  mounted  together  on  a  shaft  rotating 
at  40  rad, /sec, where  column  weights  are  minimum,  this  large  AT  may  . 
be  applied  to  the  separate  reboller-condenser  rotating  at  its  optimum 
speed.  The  broken  line  on  Figure  169  shows  this  separate  reboiler- 
oondenser  and  the  total  weight  of  the  two  modules.  The  optimum  speed 
of  the  separate  reboiler-condenser  is  70  rad. /sec.  Weight  saved  on 
the  reboiler-condenser,  before  adding  the  bearings,  piping  and  drive 
which  must  be  duplicated  for  the  second  rotor,  is  700  lbs.  It  is 
unlikely  that  detailed  design  could  achieve  a  net  saving  in  the  two- 
rotor  concept  since  this  requires  that  a  third  full  flow  vapor  stream 
(O2  vapor  to  the  low  pressure  column)  be  introduced  to  the  column 
package. 

In  conclusion,  the  two  rotor  concept  offers  only  marginal  weight 
saving,  if  any,  compared  to  the  single  rotor.  Volume  is  greater  in  the 
two  rotor  concept  since  the  separate  rotor  for  the  reboiler-oondenser  is  a 
direct  volume  penalty.  The  single  rotor  is  equal  in  volume  to  the  column 
package  of  the  two  rotor  designs  since  the  reboller-condenser  in  the 
single  rotor  concept  fits  within  the  high  pressure  column. 

6. 3. 3. 9  Multiple  Unit  Assessment 

Multiple  parallel  separators  were  considered  as  a  means  of 
decreasing  weight  or  improving  performance  or  reliability.  This  would 
employ  multiples  of  the  single  rotor,  each  being  a  complete  separator 
in  Itself. 

In  the  first  case  the  single  rotor  separator  was  investigated  to 
show  the  variation  in  weight  as  a  function  of  mass  throughput.  No  mani¬ 
folding  weights  are  included.  Typical  weight  and  volume  trends  are 
presented  in  Figure  170  to  Indicate  the  change  in  specific  weight  as 
a  function  of  mass  throughput.  This  curve  was  made  at  the  50% 
confidence  level  earlier  in  the  program  but  recent  improvements  in  heat 
transfer  permit  this  same  weight  at  the  95%  confidence  level.  Design 
conditions  used  in  this  study  are  for  the  cycle  suggested  by  General 
Dynamics/ Astronautics . 

Inlet  Pressure  225  psia 

Product  Purity  90%  ©2 

Waste  Purity  98%  Nj 

Waste  Pressure  56.5  psia 

Figure  170  was  developed  for  a  single  rotor  separator  with  the 
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FIG.  170 
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side-by-side  column  arrangement  as  in  Figure  153.  The  outer  diameter 
is  adjusted  only  by  the  Incremental  changes  necessary  in  the  inner  shaft 
diameter  to  accommodate  the  feed  air.  Column  radial  thickness  is 
constant  and  column  width  is  changed  to  accommodate  the  changing 
flowrate . 

The  minimum  separator  specific  weight  occurs  between  1000  lb. /sec. 
and  2000  lb. /sec.  air  throughput.  This  should  be  typical  for  most  cycles 
although  extreme  changes  in  purity  will  shift  this  minimum.  As  flow  in¬ 
creases  above  2000  lb. /sec.  the  specific  weight  Increases  since  most 
items  increase  in  length  directly  with  flow.  In  addition,  the  diameter 
also  Increases,  influencing  the  weight  of  sides  and  shell  as  the  square 
of  the  diameter.  Thus,  to  provide  double  or  triple  the  2000  lb. /sec. 
separator  capacity,  multiples  of  the  2000  lb. /sec.  separator  would  per¬ 
mit  the  least  total  separator  weight. 

At  the  opposite  end  of  the  scale,  the  nominally  constant  weight 
items  become  controlling  at  very  low  throughputs.  The  column  sides, 
for  example,  have  a  minimum  diameter  of  twice  the  radial  column  thick¬ 
ness  which  is  determined  by  the  trays  necessary  to  make  the  desired 
purity.  This  is  independent  of  flow  requirements.  In  the  extreme,  at 
zero  flow,  sides  and  shaft  stubs  would  be  required  for  both  columns 
and  the  reboiler-condenser,  with  no  trays  or  shell  between  them.  The 
scaling  effects  study  in  Section  6.4  show  that  the  100  lb. /sec.  separator 
is  about  the  smallest  practicable  separator  which  can  be  constructed  in 
this  physical  design.  Figure  170  shows  the  weight  penalty  incurred 
by  this  flight  weight  scale  of  100  lb. /sec.  compared  to  the  projected 
full  size,  2000  lb. /sec.  separator.  Different  configurations  would  be 
considered  if  the  design  flow  changes  significantly  from  2000  lb. /sec. 

Using  the  above  results,  multiple  parallel  units  were  plotted 
in  Figure  171.  There  is  no  weight  reduction  apparent  from  the  multiple 
unit  calculations  of  one,  two  or  four  units  for  a  total  mass  air  feed  of 
2000  lb. /sec.  The  primary  weight  increase  results  from  the  additional 
supports,  bearings,  and  drives  required  for  multiple  smaller  scale  units. 

A  slight  upward  trend  was  found  in  the  rotating  sections  of  multiple 
units  so  all  factors  show  increased  weight  when  multiple  units  were 
employed.  The  volume  also  increases  as  noted  in  Figure  171. 

Reliability  is  not  particularly  enhanced  by  multiple  units .  Al¬ 
though  the  effect  of  seal  and  bearing  failure  on  one  unit  can  be  mini¬ 
mized  by  using  multiples  and  shutting  down  the  faulty  unit,  the  added 
complications  of  shutoff  valves  negates  this  gain.  Since  failure  of  a 
single  full  scale  air  separator  only  requires  the  mission  be  aborted, 
and  no  flight  safety  is  involved,  a  single  unit  is  preferred. 
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Performance  of  multiple  units  may  suffer  unless  spesiai  and 
rather  sophisticated  equipment  is  provided  to  exactly  distribute  the 
flows  to  match  the  individual  unit  characteristics  such  as  pressure 
drop  and  heat  transfer  capabilities ,  Fabrication  and  maintenance 
of  precisely  matched  separators  would  be  unnecessarily  expensive. 

If  throttling  the  inlet  pressure  and  the  hydrogen  pressure  is  employed 
to  balance  the  flows  through  unmatched  separators,  an  unnecessary 
waste  of  energy  is  incurred  and  reliability  is  reduced. 

In  summary  the  single,  full  size  rotor  concept  offers  the 
least  weight  at  this  time.  Using  separate  full  size  components  has 
some  merit. 

6.3.4  Determination  of  System  Weight  and  Volume 

6. 3. 4.1  Component  Process  and  Stress  Requirements 

This  Section  presents  system  weight  and  volume  estimates 
thus  reducing  the  parametric  studies  discussed  in  Section  6.3.3 
to  finite  values  of  weight  and  volume . 

In  Appendix  XVII  of  this  report,  the  sample  calculations 
are  presented  for  the  weight  and  volume  of  the  GD/A  case  at  95% 
confidence  level.  It  should  be  noted  that  these  calculations  are 
developed  for  parametric  studies  based  on  the  general  considera¬ 
tions  of  design  stress  produced  by  pressure  and  centrifugal  loads. 
They  are  not  Intended  to  replace  the  detail  design  formulas  used 
In  the  ultimate  design. 

The  following  description  of  the  program  denotes  the  prime 
considerations  in  designing  each  component  leaving  the  detailed 
mathematical  analysis  to  be  discussed  in  Appendix  XVII. 

a.  High  Pressure  Column 

The  high  pressure  column  is  designed  to  contain 
full  pressure  since  this  provides  the  smallest  pressure  shell 
and  minimum  windage  power  loss.  The  air  surrounding  the 
rotating  shell  should  be  at  the  lowest  density  possible  to 
minimize  windage. 

The  shell  sides  must  also  withstand  the  centrifugal 
stress  of  the  trays  and  the  kettle  liquid  collected  at  the 
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periphery.  This  liquid  adds  substantially  to -the  required  s^U 
weight.  In  refining  the  calculations,  the  20%  strength  improve¬ 
ment  experienced  in  aluminum  at  cryogenic  temperature  is  utilized 
where  the  stress  results  from  a  cryogenic  liquid  load.  Stress 
concentrations  are  also  included  in  the  refinements  to  provide  a 
realistic  calculation. 

b.  Low  Pressure  Column 

The  calculations  for  the  Low  Pressure  Column  apply  as 
used  for  the  high  pressure  column.  Some  predesign  is  required 
to  smooth  the  two  sections  of  the  low  pressure  column  into  a 
continuous  column  side  wall  which  can  efficiently  carry  the  loads 
radially  to  the  shaft  and  bearings.  Here  again,  the  liquid  loads 
add  substantially  to  the  required  shell  weight. 

c.  Kettle  Separator 

The  low  pressure  column  is  further  complicated  by  the 
kettle  feed  separator  which  adds  a  liquid  load  near  the  midpoint 
of  the  column.  This  separator  and  its  support  system  are  calcu¬ 
lated  separately  from  the  low  pressure  column.  The  actual  design 
may  integrate  this  separator  with  the  column  but  the  weights  would 
be  additive  regardless. 

d.  Reboiler-Condenser 

Weight  of  the  reboller-condenser  is  composed  of  the  primary 
heat  transfer  area  and  the  shell.  Fluid  flow  requirements  are 
particularly  critical  in  the  design  of  this  unit  since  excess  pressure 
loss  may  adversely  affect  the  AT.  Thus,  the  heat  transfer  area 
calculation  must  be  made  for  a  specific  configuration  and  mass 
flow  per  unit  area . 

Since  recirculation  of  the  liquid  oxygen  is  planned,  this 
liquid  weight  must  be  carried  through  the  shell  calculation. 

This  liquid  plus  the  condensed  nitrogen  adds  some  weight  to  the 
shell  but  not  as  severely  as  the  columns  because  the  reboiler- 
condenser  radius  is  smaller. 
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e .  Shaft 

A  central  shaft  is  used  to  join  the  columns  and  carry 
their  weight  to  the  bearings.  The  columns  provide  a  large  section 
modulus  to  limit  deflection.  The  shaft  is  designed  for  shear  and 
bending  stresses.  For  the  present,  a  l/4  in.  wall  thickness  is 
used.  This  metal  in  the  column  hubs  will  likely  be  distributed 
through  the  columns  as  rigidizing  members. 

f.  Diffuser 

Where  liquids  leave  the  rotor,  kinetic  energy  is  recovered 
in  diffusers  to  conserve  power  and  refrigeration.  The  diffuser 
weight  is  nominal  since  it  consists  of  a  collector  ring  and  thin 
blades  nearly  tangential  to  the  rotor. 

g.  Piping  and  Seals 

The  piping  and  seals  are  Introduced  as  constants.  The 
primary  sizing  of  the  rotor  stems  from  the  allowable  diameter  of 
the  inner  piping  used  to  Introduce  and  expel  fluids  (l.e.,  inlet 
air  and  waste  nitrogen) .  Diameter  of  these  lines  is  based  on 
the  allowable  velocity  consistent  with  the  pressure  loss  permitted. 
A  full  scale  unit  should  have  a  minimum  of  a  35  in.  diameter 
central  air  inlet  and  waste  nitrogen  exit ,  Preferably  these  should 
be  40  in.  to  achieve  a  nominal  head  loss.  The  40  in.  diameter 
is  used  in  these  calculations. 

These  same  principles  apply  in  sizing  the  other  pipes 
to  gradually  reduce  velocity  to  minimize  head  loss  at  each  change 
in  flow  direction. 

h.  Outer  Casing 

An  outer  casing  or  shroud  is  provided  to  streamline  the 
rotor  surface  to  reduce  windage  power  loss.  This  light  casing 
was  deleted  from  the  final  calculations .  The  formulas  are 
retained  in  the  computer  program  for  alternate  designs  which 
may  utilize  a  stationary  casing  to  minimize  pressure  drop  across 
the  diffuser  seal  and  collect  the  seal  leakage. 

i.  Bearing  Supports 

The  bearing  supports  are  used  to  transmit  the  separator 
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weight  to  the  vehicle.  They  are  calculated  as  a  function  of  the 
separator  weight. 

J.  Bearings 

The  individual  bearing  weight  is  multiplied  times  the  separator 
weight  and  divided  by  the  bearing  load  capacity.  Commerlcial  air¬ 
craft  bearing  weights  are  used. 

k .  Product  Separator 

Primary  concern  in  sizing  a  product  separator  is  to  provide 
sufficient  liquid  volume  to  compensate  for  momentary  upsets  and 
sufficient  vapor  disengagement  from  this  liquid.  The  liquid  product 
is  withdrawn  at  the  separator  and  the  balance  is  recirculated 
through  the  reboller-oondenser. 

l.  Turbines 

The  weight  of  the  turbines  used  to  extract  power  from  the 
liquid  streams  from  the  diffusers  is  estimated  from  their  power  re¬ 
quirements.  Only  rough  sizing  calculations  were  made. 

m .  Drive 

Weight  of  the  separator  drive  is  estimated  from  net  driving 
power  required  to  accelerate  the  fluids  removed  from  the  rotor. 

Work  exLracted  in  the  hydrogen  turbines  is  returned  to  the  separator. 

n .  Volume 

The  separator  volume  is  calculated  as  the  volume  of  a  right 
cylinder  with  truncated  conical  ends.  The  controlling  diameter 
of  the  cylinder  usually  is  the  high  pressure  column  located  outside 
the  reboller-condenser.  This  procedure  is  different  from  the  initial 
calculations  where  the  elipsold  of  revolution  was  used  to  describe 
the  displaced  volume.  As  the  preliminary  design  evolved  it  was 
shown  that  the  superficial  vapor  velocity  must  be  lower  than  desired. 
Consequently  Llie  length  increased,  changing  the  shape  from  the 
elipsold  to  a  cylinder. 
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6.3.4. 2  System  Weight  and  Volume  Mapping 

Figures  172,  173,  and  174  show  the  results  of  the  weight 
mapping  study  for  three  product  oxygen  purities  as  a  function  of 
separator  inlet  pressure  and  waste  nitrogen  purity.  The  rotational 
speed  was  maintained  at  the  previously  determined  optimum  speed 
of  45  rad. /sec.  and  the  waste  pressure  maintained  at  56.5  psia. 

Figure  175  presents  the  volumes  for  the  cycles  presented  in  Figures 
17  2,  173,  and  174.  As  shown  previously,  the  extremely  low  e.!  case 
(180  pSla  and  98%  waste  nitrogen  purity,)  has  zero  AT  at  45. rad, /sec. 
and  98%.  product  oxygen  purity,  and  therefore,  is  non-operable . 

These  results  which  are  summarized  in  Table  20  indicate 
that  weight  decreases  with  increasing  inlet  pressure  in  the  range 
calculated.  This  results  from  the  increasing  reboiler-condenser 
AT  as  inlet  pressure  Increases  at  a  fixed  waste  pressure.  These 
curves  are  the  left  hand  side  of  a  family  of  parabolas  approaching 
a  minimum  weight  at  the  upper  limit  of  the  inlet  pressures  investigated. 
As  inlet  pressure  increases  further  the  reduced  volatility  in  the  high 
pressure  column  becomes  controlling.  This  causes  a  rapid  increase 
in  the  number  of  trays  in  the  low  pressure  column.  The  upper  limit 
is  reached  when  the  high  pressure  column  cannot  supply  the  quantity 
and  purity  of  "kettle"  and  "shelf"  liquids  necessary  to  operate  the 
low  pressure  column.  Low  pressure  column  trays  become  infinite 
and  the  reboller-condenser  AT  approaches  zero. 

The  effect  of  waste  purity  and  product  purity  is  evident 
since  separator  weight  rises  strongly  with  an  increase  in  purities. 

This,  too,  is  a  result  of  more  trays  which  consume  more  pressure 
drop  within  the  columns,  therefore,  reducing  the  reboiler-condenser 
AT.  Volume  studies  in  Figure  175  show  the  strong  relationship  purities 
also  have  on  the  volume.  The  upper  curve  is  for  the  98%  02  product 
purity  case  which  requires  so  many  trays  that  the  diameter  exceeds 
the  typical  range  of  the  other  cases  and  has  a  much  longer  reboiler- 
condenser. 

Figures  176,  177  and  178  illustrate  the  combined  effect  of 
weight  and  volume  where  the  volume  penalty  is  taken  as  one  pound 
per  cubic  foot.  The  same  trends  prevail  except  penalties  of  extremely 
low  inlet  pressure  and  high  waste  and  product  purities  are  further 
accentuated . 

Finally,  the  combined  effect  of  separator  inlet  pressure,  waste 
nitrogen  purity,  and  product  oxygen  on  separator  weight  and  volume  for 
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TABLE  20 


WEIGHT  AND  VOLUME  MAPPING  SUMMARY 


Separator 
Inlet  Pressure 
Psla _ 


ROTATIONAL  SPEED  =  45  RAD, /SEC  . 

Specific  Specific 

Waste  Product  Waste  Weight  Volume 

Pressure  Purity  Purity  Lb.  Cu  ■  Ft . 

Psia  Weight  Percent  Weight  Percent  Lb. Sec.  Lb. /Sec. 


180 

56.5 

90 

98 

5.28 

1.07 

200 

56.5 

90 

98 

4.70 

1.06 

225 

56.5 

90 

98 

4.62 

1.04 

245 

56.5 

90 

98 

4.45 

1  .04 

180 

56.5 

90 

97 

4.67 

1.04 

200 

56.5 

90 

97 

4.37 

1.02 

245 

56.5 

90 

97 

4.18 

.99 

180 

56.5 

90 

96 

4.34 

1.03 

200 

56.5 

90 

96 

4.02 

1  .01 

245 

56.5 

90 

96 

3.90 

.98 

180 

56.5 

95 

98 

8.73 

1  .35 

200 

56.5 

95 

98 

5. .97 

1.26 

245 

56.5 

95 

98 

4.91 

1 .13 

180 

56.5 

95 

97 

6.00 

1.16 

200 

56.5 

95 

97 

5.58 

1.14 

245 

56.5 

95 

97 

4.45 

1.10 

180 

56.5 

95 

96 

4.84 

1.05 

200 

56.5 

95 

96 

4.32 

1.04 

245 

56.5 

95 

96 

3.98 

1  .01 

180 

56.5 

98 

98 

Non-Operable 

200 

56.5 

98 

98 

8.83 

1.38 

245 

56.5 

98 

98 

5.68 

1.23 

180 

56.5 

98 

97 

8.65 

1.32 

200 

56.5 

98 

97 

6.48 

1.18 

245 

56.5 

98 

97 

4.94 

1.09 

180 

56.5 

98 

96 

5.85 

1.06 

200 

56.5 

98 

96 

5,21 

1.03 

245 

56.5 

98 

96 

4.31 

1.01  . 
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a  fixed  waste  pressure  and  rotational  speed  is  presented  in  the  three 
dimensional  map  shown  in  Figure  179.  Separator  weight  including  the 
volume  penalty  is  plotted  against  separator  inlet  pressure  and  waste 
nitrogen  purity  for  each  product  purity  studied  thus  giving  three  product 
purity  surfaces.  The  vertical  planes  cut  through  at  constant  inlet 
pressures  of  180,  200,  225,  and  245  psia  shown  clearly  that  minimum 
weight  coincides  with  minimum  purity  at  approximately  245  psia  inlet 
pressure. 

The  extreme  cases  of  low  inlet  pressure  and  higher  purity  cause 
the  reboller-condenser  AT  to  approach  zero  and  separator  weight,  there¬ 
fore,  approaches  Infinity.  A  similar  phenomenon  occurs  as  inlet  pressure 
Increases  beyond  the  scale  of  this  map.  The  extreme  number  of  column 
trays  will  cause  excess  pressure  drop,  and  therefore  AT  approaches  zero. 

Constant  waste  purity  planes  have  been  replotted  separately  in 
Figures  180-182.  Constant  inlet  pressure  planes  are  replotted  in  Figures 
183-185. 

6. 3. 4. 3  Weight  and  Volume  Confidence  Level  Estimates 

Using  the  basic  double  column  cycle,  it  was  necessary  to 
establish  a  basis  for  monthly  weight  and  volume  estimates.  Since  the 
work  statement  covered  a  broad  range  of  waste  and  product  purities,  no 
single  condition  would  adequately  describe  the  range  of  weight  and  volume 
possible  under  the  work  statement.  For  this  reason  the  associate 
contractor.  General  Dynamics/Astronautics,  was  asked  to  specify 
boundary  conditions  of  Interest  in  their  studies,  and  the  maximum  and 
minimum  purity  conditions  of  the  work  statement  were  utilized  to 
provide  three  specific  purity  levels  for  the  monthly  weight  and  volume 
estimate.  These  three  conditions  are  summarized  in  Table  19  as  Point 
Nos.  2,  3,  and  5  respectively.  Specified  conditions  for  the  GD/A  cycle 
are  given  In  Appendix  XVIII. 

The  three  purity  levels  were  investigated  to  demonstrate  the 
total  range  of  separator  weight  and  volume  possible  within  the  purities 
specified  in  the  work  statement.  Each  of  these  cases  was  calculated 
at  95%,  50%  and  20%  confidence  level  to  Indicate  the  present  state  of 
the  art,  and  two  degrees  ot  reduction  in  weight  and  volume  which 
could  result  from  continued  applied  research  on  the  air  separator  at 
these  various  purity  conditions. 
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Table  21  incorporates  these  design  criteria  for  the  95%  confi¬ 
dence  level  with  more  optimistic  values  for  reduced  confidence  levels. 
Assumptions  for  Improved  heat  transfer  and  column  performance  are  also 
presented.  The  column  performance  is  improved  at  reduced  confidence 
levels  by  Increasing  the  superficial  vapor  velocity  with  no  decrease  in 
tray  efficiency. 

The  monthly  weight  and  volume  estimates  are  presented  in 
Figure  186,  based  on  the  above  criteria.  The  single  rotor,  side-by- 
side  column  configuration  of  Figure  153  is  used  in  this  study.  Con¬ 
siderable  spread  Is  noted  from  the  maximum  to  minimum  purity  cases 
as  expected  since  the  tray  requirements  and  reboller-condenser  AT 
vary  substantially.  Major  downward  steps  in  the  weight  at  the  5th 
and  12th  months  result  from  Introduction  of  the  porous  condensing  surface 
in  the  reboller-condenser;  first  in  the  results  with  a  copper  specimen 
and  finally  with  the  porous  aluminum  surface.  All  cases  meet  the  weight 
goal  of  5  lb. /lb. /sec.  except  the  95%  confidence  level  estimate  of  the 
maximum  purity  case. 

The  volume  estimate  shows  a  major  change  in  the  6th  month  due 
^  to  the  same  Improvement  in  heat  transfer.  Where  the  tray  dynamic 
results  were  applied  to  the  confidence  level  estimate  in  the  12th  month 
it  was  shown  the  envelope  model  and  column  vapor  velocities  assumed 
initially  were  too  optimistic.  For  this  reason  the  volumes  were  adjusted 
upwards  in  the  12th  month  in  spite  of  a  reduction  in  the  reboller- 
condenser  size.  Initially  the  volume  was  based  on  an  elipsoid  of 
revolution  where  the  minor  axis  was  the  column  diameter  and  the  sum 
of  the  low  pressure  column  width  and  reboiler-condenser  length  was  the 
major  axis.  Column  vapor  superficial  velocity  was  assumed  50% 
greater  than  proved  to  be  practicable  later  in  the  program.  The  latest 
envelope  model  includes  a  central  section  which  is  a  right  cylinder; 
with  ends  approximated  by  frustrums  of  cones.  The  right  cylinder 
section  has  a  diameter  equal  to  the  larger  of  the  column  diameters . 

Its  length  is  the  sum  of  the  outer  tray  widths  plus  two-foot  spacing 
between  the  columns.  The  conical  ends  are  reduced  to  four-foot  diameter 
at  the  end,  and  includes  the  bearings  and  inlet  piping  sections,  Inboard 
of  the  bearings.  It  seems  the  volume  requirement  cannot  be  met  under 
any  purity  condition  at  95%  confidence  level.  It  is  likely  that  only  the 
minimum  purity  cace  will  approach  the  volume  goal  at  reduced  confidence 
level.  The  final  confidence  level  estimates  of  weight  and  volume  are 
summarized  in  Table  22. 
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TABLE  21 

CONFIDENCE  LEVEL  DESIGN  CRITERIA 


Design  stress  -  Aluminum,  psi 

Design  stress  -  Stainless  Steel,  psi 

Design  stress  -  Titanium,  psi 

Heat  transfer  equivalent  wall 
thickness,  mil 

Heat  transfer  coefficient  multiplier 

Column  superficial  vapor  velocity 
multiplier 


Confidence  Level 


95% 

50% 

20% 

33,333 

56,500 

56,500* 

120,000 

180, 000 

180,000* 

100,000 

168,500 

168,500* 

13** 

8.3 

6.8 

1 

1.2 

1.5 

1 

1.3 

1.7 

*  Optional  fabrication  techniques  such  as  ultra-high  strength 
filament  wrapping,  etc.  will  also  be  applied  at  the  20% 
confidence  level, 

**  Revised  wall  thickness  for  final  calculations  Is  13  mil. 
Earlier  calculations  were  based  on  9.8  mil. 
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FULL  SCALE  FLIGHT  WEIGHT  AIR  ENRICHMENT  UNIT 
ESTIMATED  UNIT  WEIGHT  AND  VOLUME 


WEIGHT 

95V.  CONFIDENCE  LEVEL 


VOLUME 

95*/.  CONFIDENCE  LEVEL 


WEIGHT 
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50%  CONFIDENCE  LEVEL 
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MONTH 
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20%  CONFIDENCE  LEVEL 


MONTH 

FIG.l8(b 
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TABLE  22 

FINAL  CONFIDENCE  LEVEL  ESTIMATES  OF  WEIGHT  AND  VOLUME 


Maximum 

Purity 

Minimum 

Purity 

CD /A 

Inlet  pressure  -  psia 

265 

265 

225 

Waste  pressure  -  psla 

65 

65 

56.5 

Product  purity  -  %  oxygen 

95 

75 

90 

Waste  purity  -  %  nitrogen 

98 

95 

98 

Weight,  lb, /lb. /sec. 

95%  Confidence 

7.53 

3.75 

4,62 

50%  Confidence 

4.87 

2.77 

3.32 

20%  Confidence 

4.1 

2.54 

2.94 

Volume,  cu.  ft. /lb. /sec. 

95%  Confidence 

1.86 

0.865 

1.04 

50%  Confidence 

1.56 

0.727 

0.847 

20%  Confidence 

1.33 

0.624 

0.723 
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6. 3. 4. 4  Separator  Design  Optimization 

The  ultimate  design  must  be  optimized  to  produce  maximum 
payload  in  orbit.  Each  design  point  would  be  optimized  to  balance 
pressure  drop  between  columns  and  to  trade  off  column  pressure  drop 
against  reboiler-condenser  AT.  This  determines  minimum  separator 
weight.  This  procedure  was  approximated  in  each  of  the  points  on  the 
weight  map  previously  discussed.  The  other  major  trade  off  is  separator 
weight  against  volume  by  adjusting  speed  of  rotation  to  minimize  the 
combined  equivalent  weight.  A  more  precise  volume  trade  off  penalty 
will  be  needed.  Figure  187  is  an  example  of  this  trade  off  which  shows 
the  pre-selected  speed  of  60  rad. /sec.  was  not  the  optimum  for  the 
General  Dynamic s/Astronautlcs  cycle .  Now  that  the  aluminum  porous 
condensing  surface  has  shown  less  dependence  on  rotational  speed, 
the  minimum  weight,  and  hence  maximum  payload  due  to  separator 
weight,  is  at  45  rad. /sec.  The  volume,  however,  is  minimum  at 
55  rad. /sec.  Their  combined  effect  shows  minimum  equivalent  sepa¬ 
rator  weight  occurs  between  45  and  50  rad. /sec.  The  change  In  net 
separator  weight  is  about  -100  lb. 

.  In  conclusion,  this  weight  and  volume  study  has  shown  that 

the  weight  goal  can  be  achieved  even  with  some  penalty  for  excess 
volume  in  the  GD/ A  cycle . 

6. 3. 4. 5  Separator  Heat  Load  and  the  Reflux  Condenser 

No  analytical  investigations  of  the  reflux-condenser  were 
performed  under  this  contract  although  It  logically  fits  within  the  sepa¬ 
rator  and  therefore  should  be  Included  in  future  separator  studies. 
However,  study  of  the  heat  load  results  and  rotational  speed  dependence 
leads  to  some  Important  conclusions. 

a.  QC  decreases  with  increasing  rotational  speed  and 
inlet  pressure  whereas  the  weight  and  volume  show  optimums 
with  speed  and  inlet  pressure. 

b.  QC  decreases  with  increasing  product  oxygen  purity 
and  increasing  inlet  pressure,  counter  to  the  weight  and  volume 
trend. 

For  immediate  use  in  total  vehicle  integration,  the  reflux 
condenser  duty  in  Figure  160  should  be  used  with  the  weight  map. 

Figure  179.  These  are  at  constant  rotational  speed  of  45  rad. /sec. 
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When  the  optimum  design  conditions  have  been  determined  on  this 
basis,  a  more  precise  optimum  could  be  achieved  by  detailed  study  by 
Linde  using  rotational  speed  as  a  third  parameter. 

6.4  System  Horsepower 

This  section  presents  a  sample  analysis  of  the  system  horse¬ 
power  for  the  General  Dynamic s/Astronautlcs  cycle  where  the  rotational 
speed  is  constant  at  45  rad. /sec. 

As  shown  later  in  Table  24,  the  following  are  the 
approximate  horsepower  requirements  for  the  air  separator. 

Horsepower  Required 


a. 

Fluid  Acceleration  Horsepower 

= 

3900 

b. 

Seal  Fluid  Power 

= 

1000 

c. 

Windage  Friction  Power 

20 

d. 

Bearing  Friction  Power 

=s 

50 

Total  Horsepower  Required  =  4970 


Assume  the  hydrogen  stream  in  the  reflux  condenser  to  be  as 
shown  in  Figure  152  except  for  the  hydrogen  flow  rate.  For  the 
GD/A  cycle  rotated  at  45  rad. /sec.,  the  reflux  condenser  heat  load, 
QC,  is  643.3  Btu/lO-mole  feed  air.  A  heat  balance  across  the 
reflux  condenser  yields  the  hydrogen  flow  rate  and  a  further  calcu¬ 
lation  yields  the  hydrogen  turbine  energy  output. 

The  energy  output  of  the  low  pressure  column  and  recirculation 
turbines  are  based  on  the  assumption  of  80  per  cent  recovery  of  the 
total  kinetic  energy  available  at  the  respective  rotor  peripheries  as 
a  result  of  diffuser  operation  and  subsequent  expansions  into  chambers 
maintained  at  pressures  approximately  equal  to  the  peripheral  column 
and  reboiler-condenser  pressures  respectively. 

The  horsepower  available  for  work  is  given  as  follows: 


Available  Horsepower 


a. 

Hydrogen  Turbine  Power 

=  14,750 

b. 

Low  Pressure  Column  Turbine  Power 

=  1,658 

c. 

Recirculation  Turbine  Power 

=  448 
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Total  Available  Horsepower  =  16,856 

Excess  Horsepower  Available 

16,856  -  4,  970  =  11,886 

The  equations  for  calculation  of  the  various  horsepower  Items 
are  presented  In  Appendix  XVII. 

6.5  Scaling  Effects 

6.5.1  General 

A  study  of  scaling  effects  was  requested  in  the  work  statement 
to  compare  the  ultimate  full  scale  flight-weight  air  separator  with  the 
1/20  scale  boilerplate  air  separator  now  being  designed.  From  this 
study  it  is  concluded  that  there  are  no  appreciable  scaling  effects  since 
the  100  lb. /sec.  capacity  of  the  boilerplate  demonstration  model  was 
selected  to  minimize  these  effects.  The  boilerplate  1/20  scale  unit  is  a 
more  conservative  design  functionally  as  well  as  mechanically.  It  is 
designed  to  demonstrate  feasibility  as  well  as  explore  various  operating 
characteristics.  The  flight-weight  full  scale  unit,  however,  is  designed 
for  minimum  weight  and  will  not  necessarily  be  identical  to  the  boiler¬ 
plate  unit. 

Primary  considerations  in  selecting  the  1/20  scale  unit  were  to 
limit  wall  effects  on  the  columns  and  diffuser.  Since  the  design  purity 
and  pressure  determine  the  theoretical  trays  required,  the  rotor  diameter 
in  this  configuration  is  essentially  the  same  regardless  of  scale.  Thus, 
with  the  column  diameter  fixed  by  tray  requirements,  the  scale  selection 
was  based  on  the  narrowest  outer  tray  which  could  be  fabricated  and  operat¬ 
ed  without  detrimental  effects  from  the  column  walls.  Scale  units  smaller 
than  100  lb. /sec.  would  be  possible  by  sacrificing  performance  or  by  alter¬ 
ing  the  configuration.  However,  results  from  such  smaller  units  could  not 
be  extrapolated  as  reliably  as  desired  to  the  flight -weight  2,000  lb. /sec, 
unit . 


The  following  discussion  compares  the  size  of  the  major 
components  in  scale  and  full  size  separators.  Power,  speed  of  rotation, 
and  performance  are  also  discussed,  A  weight  and  volume  comparison  is 
also  made  for  full  scale  and  1/20  scale  separator.  Reliability  data  which 
may  be  gained  from  the  scale  tests  is  also  noted. 
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6.5.2  Separator  Size 

The  dimensions  of  a  full  scale  and  1/20  scale  separator 
are  compared  in  Table  23.  The  rotor  outside  diameters  are  nearly 
the  same,  differing  by  the  inner  diameters  which  are  sized  for  the 
respective  feed  air  quantities.  Radial  thicknesses  of  the  rotors 
are  4.00  ft.  and  3.95  ft.,  respectively. 

Column  diameters  are  also  nearly,  equal,  but  widths  are 
nominally  in  direct  proportion  to  scale.  Deviation  from  this  pro¬ 
portion  is  due  to  the  slight  difference  in  radii  and  superficial  vapor 
velocity.  The  outermost  tray  widths  are  3.25  in.  and  40.4  in.  in  the 
1/20  scale  and  full  size  high  pressure  columns.  This  was  the  critical 
scaling  dimension  since  the  3.25  in.  wide  tray  is  the  narrowest  tray 
which  could  be  fabricated  and  operated  with  reasonable  freedom  from 
wall  effects.  This  permits  1/8  in.  inactive  width  on  each  side  of  the 
tray  with  approximately  7%  loss  of  active  area, 

Dimensions  of  the  reboiler-condenser  are  proportionately 
similar  in  full  scale  and  1/20  scale  units.  The  radial  thicknesses 
are  18  in.  and  15.5  in.,  respectively,  providing  nearly  the  same 
condensate  flow  channel  length.  The  radii  differ  by  the  inner  diameter 
which  is  sized  to  accommodate  the  required  feed  air. 

6.5.3  Separator  Performance 


6. 5. 3.1  Cycle 


The  performance  characteristics  which  are  compared  in  Table 
24  show  the  cycle  conditions  are  identical  in  waste  and  product 
purity.  Inlet  pressure  for  the  1/20  scale  unit  is  higher  to  permit 
more  flexibility  in  operation  of  this  experimental  unit.  The  waste 
pressure  is  lower  for  the  same  reason.  Tests  of  the  boilerplate  1/20 
scale  unit  would  permit  duplication  of  the  full  scale  inlet  pressure 
and  waste  pressure  but  not  necessarily  at  the  same  purity.  Further¬ 


more,  the  design  conditions  for  th. 


ur»it  insy  rsvissci 
toward  a  lower  inlet  pressure,  possibly  as  low  as  200  psl.  The  l/20 
scale  unit  will  be  operating  in  the  general  range  of  the  full  scale 


separator,  and  no  scaling  effect  is  expected  from  the  cycle 
differences . 
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TABLE  23 

SEPARATOR.  SIZE  COMPARISON 


Full  Scale 

(GD/A  Cycle)  1/2Q  Scale 


Rotor 


Outside  diameter,  ft. 

11.4 

8.9 

Inside  diameter,  ft. 

3.4 

1.00 

Length,  ft. 

33.42 

8.70 

Low  Pressure  Column 

Outer  tray  radius,  in. 

44.45 

46.0 

Inner  tray  radius,  in. 

26.0 

12.0 

Inner  tray  width ,  in . 

237.4 

32.5 

Outer  tray  width ,  in . 

94.3 

4.25 

Hiah  Pressure  Column 

Outer  tray  radius,  in. 

57.18 

46.0 

Inner  tray  radius,  in. 

44.0 

32.0 

Inner  tray  width,  in. 

58.6 

4.5 

Outer  tray  width,  in. 

40.4 

3.25 

Reboiler-Condenser 

Outside  radius,  in. 

42.0 

25.0 

Inside  radius,  in. 

24.0 

9.5 

Length,  in. 

79.7 

21.0 
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TABXE  24 

SEPARATOR  PERFORMANCE  COMPMISON 


Full  Scale 


(GD/A  Cvcle) 

1/20  Scale 

Cvcle 

Inlet  pressure,  psla 

225.0 

240.0 

Waste  pressure,  psia 

56.5 

45.0 

Waste  purity,  %  nitrogen 

98.0 

98.0 

Product  purity,  %  oxygen 

90.0 

90.0 

Rotor 

Rotor  speed,  rad. /sec. 

45 

60.0 

Fluid  acceleration  power,  hp 

3900 

232.0 

Seal  fluid  power 

1000 

325 

Windage  friction  power,  hp 

20 

19 

Bearing  friction  power,  hp 

50 

30 

Low  Pressure  Column-Enrlchlna  Section 

Tray  number,  theoretical 

8.5 

7.57 

Tray  number,  actual 

8 

11 

Tray  spacing.  In. 

1.25-1.42 

1.75-2.25 

Foam  height,  In. 

0.95-1.12 

0.78-1.44 

Superficial  vapor  velocity,  ft . /sec . 

7.6 

7. 9-8. 6 

Column  section  AP,  psl 

7.2 

12.0 

T.nw  Pressure  Column-StrlDPlng  Section 

Tray  number,  theoretical 

5.5 

5.6 

Tray  number,  actual 

5 

7 

Tray  spacing.  In. 

1.12-1.21 

1.75 

Foam  height,  In. 

0.82-0.91 

0.72-1.2 

Superficial  vapor  velocity, ft. /sec, 

.  7.4 

8.18-9.77 

Column  section  AP,  psl 

7.1 

18.6 

Hlah  Pressure  Column 

Tray  number,  theoretical 

10 

8.93 

Tray  number,  actual 

9 

9 

Tray  spacing.  In. 

1.78-1.98 

1.75 

Foam  height,  in. 

1.48-1.68 

0.735-1.; 

Superficial  vapor  velocity, ft. /sec 

.  5.5 

4. 2-5. 2 

Column  section  AP,  psl 

20.4 

33.4 
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6 . 5 . 3 . 2  Rotor 

Rotor  speeds  are  45  rad. /sec.  for  the  full  size  separator  and 
60  rad. /sec.  for  the  l/20  scale  separator,  producing  slightly  higher 
accelerating  forces  in  the  l/20  scale  columns  and  nearly  identical 
acceleration  forces  in  the  reboiler-condenser.  The  power  requirements 
to  accelerate  the  fluid  are  in  proportion  to  the  throughput  and  acceleration 
forces  but  the  seal  fluid  power  on  the  l/20  scale  unit  is  one-third  of  that 
expected  on  the  full  size  separator.  This  results  from  different  rotor 
speeds,  nearly  equal  diameters,  different  liquid  levels  and  casing  pres¬ 
sures.  Consequently,  this  produces  a  serious  refrigeration  balance 
problem  on  the  l/20  scale  unit.  Frictional  horsepower  in  the  l/20  scale 
unit  is  10%  of  the  cycle  refrigeration  requirement,  while  on  the  full  scale 
separator,  it  is  only  1.5%.  Seal  friction  heat  in  the  l/20  scale  separator 
will  be  removed  in  sensible  heat  in  the  waste  nitrogen  which  will  be 
vented  to  the  atmosphere  to  minimize  this  energy  input  to  the  rotor.  No 
separate  seal  cooling  is  expected  on  the  full  scale  unit.  It  would  only 
be  used  on  the  l/20  scale  unit  to  approximate  full  scale  conditions. 

6. 5. 3. 3  Low  Pressure  Column 

Comparison  of  this  column  section  In  scale  and  full  size  shows 
the  two  columns  are  designed  to  operate  consistent  with  the  preliminary 
tray  dynamic  correlations,  but  at  different  foam  heights  resulting  from 
slight  differences  In  superficial  vapor  velocity  and  gravitational  field. 
Tray  efficiency  differs  substantially  due  to  the  basic  difference  in  design 
philosophy.  The  full  size  separator  design  presumes  some  enhancement 
over  the  known  tray  efficiency  in  the  projected  design  available  five 
years  hence .  (Enhancement  is  the  Improvement  in  overall  tray  efficiency, 
assuming  limited  liquid  mixing  on  the  tray.  Theory  Is  explained  in 
Perry  (Ref.  23,  p.  550-552)  and  other  sources  (Ref.  17,  44,  45,  46  and 
47.)  On  the  other  hand  the  1/20  scale  separator  is  conservatively 
designed  based  on  present  tray  efficiency  with  no  enhancement  credited 
to  the  design.  Future  tests  with  this  experimental  model  and  subsequent 
models  will  determine  the  degree  of  enhancement  possible.  Murphree 
tray  efficiency  may  exceed  100%.  (Ref.  23,  p.  550-552). 

There  is  a  slight  difference  in  the  number  of  theoretical  trays . 
Since  the  column  pressure  levels  are  approximately  the  same  due  to  the 
l/20  scale  unit  having  a  lower  waste  pressure  and  higher  rotational 
speed  than  the  flight-weight  unit,  the  difference  occurs  in  the  l/20 
scale  unit  being  designed  to  separate  a  binary  mixture  which  requires 
approximately  one  less  theoretical  tray. 
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Tifay  spacing  Is  conservative  in  the  l/20  scale  separator  to 
permit  off-design  performance  at  higher  than  normal  foam  heights. 
Therefore,  disengagement  space  (tray  spacing  less  foam  height) 
appears  larger  than  necessary  and  the  column  outside  dietnQisrs  are 
about  equal  in  spite  of  the  smaller  l/20  scale  Inside  diameter.  There 
are  no  significant  scaling  effects  in  this  column  section. 

6. 5. 3. 4  High  Pressure  Column 

The  high  pressure  columns  of  both  separators  are  very  similar. 
However,  the  full  scale  unit  uses  a  higher  superficial  vapor  velocity 
and  foam  height.  The  average  gravitational  field  in  the  column  is  less 
because  of  lower  rotational  speed  despite  the  larger  radii.  The 
gravitational  field  effect  causes  a  higher  pressure  drop  In  the  l/20 
scale  separator.  There  is  some  Improvement  in  column  efficiency  due 
to  enhancement  credited  to  the  full  size  separator,  whereas  the  l/20 
scale  separator  uses  the  point  efficiency  directly  as  tray  efficiency 
with  no  enhancement.  There  is  a  1.1  theoretical  tray  difference  which 
is  due  to  the  slightly  lower  purity  kettle  used  in  the  l/20  scale  unit 
design. 

6 . 5 . 3 . 5  Reboller-Condenser 

Designs  of  the  full  size  and  l/20  scale  reboller-condenser  are 
similar  in  construction.  The  full  size  condenser  contains  more  tubes 
per  disk  and  longer  tubes  per  disk  by  virtue  of  the  greater  diameters. 
Since  the  l/20  scale  unit  turns  at  a  faster  speed,  resulting  gravitational 
fields  for  the  two  units  are  approximately  the  same  with  a  slightly 
greater  field  In  the  full  scale  unit.  Therefore  since  the  overall  AT's 
are  approximately  equal,  the  condensing  coefficients  are  approxi¬ 
mately  the  same.  No  scaling  effects  are  expected  since  these 
differences  can  be  calculated  from  heat  transfer  correlations. 

6.5.4  Weight  and  Volume 

Direct  comparison  of  the  weight  of  a  l/ 20  scale  boilerplate 
unit  with  a  full  scale  flight-weight  separator  has  little  practical 
significance  other  than  comparing  bearing  loads .  The  full  scale  rotor 
with  operating  fluids  will  weigh  about  three  times  the  l/20  scale  unit. 
Operating  experience  with  the  l/20  scale  bearings  should  provide  an 
experimental  confirmation  of  the  bearing  designs.  Similar  bearings 
are  planned  for  the  full  scale  flight-weight  separator. 
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Volume  of  the  two  units  is  best  described  by  the  envelope 
dimensions.  The  length  of  the  full  scale  separator  is  33.4  ft.,  3.8 
times  the  1/20  scale  unit  length  of  8.7  ft.  Rotor  diameters  are  11.4  ft. 
and  8.9  ft.,  respectively. 

6.5.5  Reliability 

An  indication  of  bearing  and  seal  operating  life  and  relia¬ 
bility  will  be  gained  from  the  boilerplate  test  of  the  1/20  scale  unit. 
Bearing  diameters  of  the  full  scale  unit  will  be  more  than  double  the 
1/20  scale  unit.  Seal  outside  diameters  are  approximately  the  same 
since  the  low  pressure  column  diameters  are  nearly  equal.  However, 
seal  radial  depth  may  vary  due  to  differences  in  column  peripheral 
liquid  level,  rotational  speed  and  casing  pressure.  These  differences 
are  exemplified  by  the  following  comparison  of  the  GD/A  cycle  full 
scale  separator  and  the  1/20  scale  unit. 


Peripheral  Low  Pressure  Column 
Liquid  Holdup 

Rotational  Speed 

Casing  Pressure 


Full  Scale 
3.8  in. 

45  rad. /sec. 
14,7  psia 


1/20  Scale 
2  in. 

60  rad ./sec. 
60  psia 


With  these  conditions  seal  leakage  could  be  severe  in  the  full 
scale  unit  due  to  the  lower  casing  pressure.  This  leakage  would  also 
be  accentuated  by  the  greater  liquid  depth  and  slower  rotational  speed. 

The  reboller-condenser  seal  in  the  full  scale  unit  will 
receive  the  benefit  of  the  same  gravitational  field  as  the  1/20  scale 
unit  but  will  have  the  same  large  differential  pressure  to  overcome, 
as  in  the  column  seal  Just  discussed. 


Further  mechanical  applied  research  is  needed  in  this  area. 
The  alternatives  apparent  now,  are  to  either  add  a  pressure  casing  or 
to  develop  the  pumps  and  pump  drive  as  discussed  in  Section  5.3. 

The  pressure  casing  requirement  can  be  evaluated  in  the  cryogenic 
tests  of  the  1/20  scale  unit  using  the  one  seal  design  built  into  the 
rotor.  Further  seal  development  and  cryogenic  tests  will  determine  the 
effectiveness  and  reliability  of  the  seals.  This  performance  can  be 
extrapolated  to  the  full  size  separator. 
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6.6  Minor  Constituent  Effects 

6.6.1  General 

The  effect  of  carbon  dioxide  and  water  vapor  on  column 
performance  was  investigated.  In  general,  the  major  portion  of  these 
materials  will  remain  in  the  preconditioning  section,  since  they  will 
freeze  on  the  heat  transfer  surfaces.  Only  that  portion  which  is 
soluble  in  the  saturated  air  feed  to  the  separator  should  enter  the 
distillation  separator.  It  is  possible  that  one  or  two  ppm  solid 
carbon  dioxide  or  water  ice  will  be  carried  through  in  addition  to 
the  soluble  quantities.  This  discussion  is  only  concerned  with 
these  quantities.  It  is  presumed  the  preconditioning  section  is 
carefully  designed  to  limit  solid  carry-over  and  promote  self-cleaning. 

6.6.2  Water  Vapor 

Saturated  air  entering  the  distillation  separator  would 
contain  much  less  than  1  part  per  million  water  vapor.  Extrapolation 
of  data  from  350®R  to  210°R  Indicates  the  soluble  water  vapor  content 
is  in  the  range  of  lO'^ppm.  This  amounts  to  a  total  of  0.00023  lb, 
water  in  30  minutes  of  continuous  operation,  when  processing 
2083  lb. /sec,  of  air. 

Since  the  solubility  limit  of  water  is  low,  it  will  wash 
through  the  separator  and  concentrate  in  the  product  liquid  stream. 

No  adverse  effect  is  expected  from  this  minute  quantity  of  water  ' 
vapor.  Large  amounts  of  water  present  in  the  separator  during  cooldown 
could  cause  difficulty;  hence,  adequate  purging  procedures  will  be 
required  during  pre -flight  checkout. 

6.6.3  Carbon  Dioxide 

The  incoming  air  will  contain  2  ppm  carbon  dioxide  it  If  is  at 
225  psla  and  saturation  temperature.  This  dissolved  quantity  is 
approximately  15  lb. .in  30  minutes  when  processing  2083  lb. /sec.  of  air. 

This  quantity  will  remain  dissolved  and  will  wash  into  the  kettle 
liquid.  Since  the  mole  fraction  of  kettle  liquid  is  less,  the  carbon  dioxide 
will  concentrate  to  3.3  ppm  which  is  well  below  the  saturation  limit  of 
12  ppm.  Kettle  liquid  is  transferred  to  the  low  pressure  column  where  the 


^  '5 
1.1 
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carbon  dioxide  flows  with  the  oxygen  and  other  less  volatile  eonStHueht'S 
to  the  reboiler-condenser.  Carbon  dioxide  will  be  reayaled  with  the  excess 
liquid  oxygen  and  the  oxygen  vapor  fed  to  the  low  pressure  column.  How¬ 
ever,  the  carbon  dioxide  in  the  vapor  will  be  washed  back  into  the  liquid 
and  returned  to  the  reboiler-condenser.  Carbon  dioxide  therefore  can 
leave  the  separator  only  in  the  product  stream.  Calculations  were  made 
using  the  carbon  dioxide  content  in  the  air.  For  this  case,  9.4  ppm 
carbon  dioxide  in  the  product  will  balance  the  2  ppm  in  the  air  feed .  Since 
the  carbon  dioxide  saturation  limit  in  the  liquid  product  is  about  9  ppm, 
there  is  a  possibility  that  traces  of  solid  carbon  dioxide  will  be  formed. 
More  than  likely  the  solids  would  be  carried  out  of  the  separator  in  the 
product  liquid. 

It  is  quite  possible  that  some  solid  carbon  dioxide  will  be  carried 
through  the  heat  exchanger.  The  amount  depends  on  the  efficiency  and 
characteristics  of  the  preconditioning  section,  but  several  ppm,  corres¬ 
ponding  to  a  total  of  20  -  30  lb.,  can  be  expected.  It  is  difficult  to 
predict  how  much  of  this  solid  would  migrate  through  the  separator.  Some 
will  probably  plate  out  in  the  air  ducts,  some  will  dissolve  in  the  kettle 
liquid  and  be  transferred  to  the  low  pressure  column  where  it  will  con¬ 
centrate  as  solids  floating  in  the  product  and  be  carried  out  of  the 
separator. 

It  should  be  noted  that  careful  design  of  the  preconditioning 
section  is  essential  to  insxire  reliable  operation  of  the  separator.  Ex¬ 
cessive  carry-over  of  solids  is  undesirable  since  it  could  plug  some  of 
the  two-phase  distribution  orifices,  causing  liquid  unbalance,  for 
example . 

At  present,  the  amount  of  dissolved  and  solid  carbon  dioxide 
expected  in  the  feed  air  to  the  separator  should  have  no  effect  on  separator 
performance.  Some  solid  will  probably  be  present  in  the  product  liquid 
which,  if  desired,  can  be  removed  by  a  small  filter.  Should  the  feed  air 
contain  much  more  carbon  dioxide  than  anticipated,  steps  will  have  to 
be  taken  to  prevent  this  carbon  dioxide  from  entering  the  separator. 

This  can  be  done  with  conventional  means,  but  would  require  some  extra 
equipment . 

6. 7 Transient  Study  and  Off- Design  PeiToiiiiance 
6.7.1  General 

Start-up,  shutdown,  and  off-design  operation  were  examined  for 
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a  full  scale  flight-weight  separator  which  is  designed  for  the  GD/A 
case.  Off-design  performance  is  treated  analytically  since  the  first 
operating  experience  will  be  gained  during  operation  of  the  boiler¬ 
plate  1/20  scale  unit.  Start-up  and  shutdown  procedures  will  be 
refined  from  this  experience. 

6.7.2  Start-up  Performance 

Start-up  of  the  separator  occurs  in  three  phases;  cooldown, 
liquid  build-up,  and  purity  build-up.  Cooldown  could  be  achieved 
in  15.7  seconds  from  the  time  hydrogen  is  first  introduced  to  the  warm 
reflux  condenser.  This  procedure  would  Introduce  excessive  stress 
from  non-uniform  cooldown.  It  Is  therefore  recommended  that  the 
separator  be  precooled  either  by  convection  from  the  surrounding  hydro¬ 
gen  tankage  or  by  forced  convection  of  saturated  oxygen  or  nitrogen 
vapor  within  the  separator  during  pre-flight  checkout .  This  latter 
procedure  would  also  provide  the  necessary  exclusion  of  mbisture  and 
carbon  dioxide . 

When  the  flight  has  progressed  to  the  collect  period,  hydrogen 
would  be  admitted  to  the  reflux  condenser.  By  this  time  the  rotor 
should  be  turning  at  design  speed.  If  the  rotor  is  at  operating  temper¬ 
ature,  it  will  require  about  20  sec.  to  accumulate  the  operating  liquids 
within  the  separator.  Some  rectification  will  occur  in  this  period.  It 
is  conservatively  estimated  that  an  additional  40  sec.  will  be  required 
to  achieve  design  purities,  which  is  a  maximum  of  one  minute  from  the 
time  hydrogen  is  introduced  to  the  reflux  condenser. 

6.7.3  Off-Design  Operation 

This  same  separator  was  analyzed  for  performance  at  -  10  psi 
deviation  from  the  225  psi  inlet  design  pressure,  and  ±  5  psi  deviation 
from  the  56.5  psi  waste  design  pressure. 

The  results  in  Table  25  show  that  decreasing  separator  inlet 
pressure  to  215  psi  reduces  the  product  and  feed  throughputs.  There 
is  a  slight  Improvement  in  high  pressure  column  performance  as  shown 
by  the  rise  in  kettle  oxygen  purity.  Low  pressure  column  performance 
is  also  improved  as  shown  by  the  drop  in  waste  oxygen  purity  and  the 
rise  in  product  oxygen  purity.  However,  the  reboiler-condenser  and 
reflux  condenser  heat  loads  Increase  substantially,  reducing  the 
product  and  feed  air  throughputs  as  noted  in  Table  26.  Consequently, 
net  pounds  of  oxygen  collected  per  second  are  decreased. 
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THEORETICAL  CYCLE  STUDY  WITH 
SEPARATOR  INLET  PRESSURE  DEVIATION 


Inlet  Pressure  (Psla) 


215 

225 

235 

Product  Pressure  (psia) 

76.5 

76.5 

76.5 

Waste  Pressure  (psia) 

56.5 

56.5 

56.5 

Product  Oxygen 

Purity  (Mole  Fraction) 

0.9212 

0.8874 

0.8450 

Waste  Oxygen 

Purity  (Mole  Fraction) 

0.01579 

0.01755 

0.01933 

Low  Pressure  Column 

Theoretical  Trays 

14.9 

14.9 

14.9 

High  Pressure  Column 

Theoretical  Trays 

10.0 

10.0 

10.0 

Shelf  Oxygen 

Purity  (Mole  Fraction) 

0.04 

0.04 

0.04 

Kettle  Oxygen 

Purity  (Mole  Fraction) 

0.319 

0.315 

0.311 

Reboller-Condenser 

Heat  Load  (B .  t .  u . /lb -mole  feed) 

1835.0 

1795.0 

1762.0 

Reflux  Condenser 

Heat  Load  (B  .t.u ./Ib.-mole  feed) 

702.0 

694.0 

691.0 

Kettle  Liquid  Flow  Rate 
(lb. /mole s/lb  .-mole  feed) 

0.6098 

0.6183 

0.6270 

Shelf  Liquid  Flow  Rate 
(lb. /moles/lb .-mole  feed) 

0.3902 

0.3817 

0.3730 

Product  Liquid  Flow  Rate 
(lb. /mole s/lb  .-mole  feed) 

0.2145 

0.2212 

0.2309 
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TfiBEE  26 

SEPARATOR  PERFORMANCE  WITH 
INLET  PRESSURE  DEVIATION 


Inlet  Pressure  (Psla) 


215 

225 

235 

Column  Frictional 

Pressure  Drop  (psla) 

11.0 

11.0 

11.0 

Reboller-Gondenser 

Condensing  Pressure  (psla) 

204.0 

214.0 

224.0 

Reboller-Condenser 

Boiling  Pressure  (psla) 

76.5 

76.5 

76.5 

Reboiler-Condenser 

AT  (»R) 

5.0 

6.6 

7.9 

Available  Heat  Transfer  Area 
Reboller-Condenser  (sq.  ft.) 

14,600 

14,600 

14,600 

Maximum  Separator 

Air  Inlet  Feed  (lb. /sec.) 
at  Speed  of  65  rad. /sec. 

1,834 

2,083 

2,310 

Rotational  Speed  Adjustment 
to  Restore  Original  Feed 

lower 

speed 

65 

raise 

speed 
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The  increase  in  separator  inlet  pressure  to  235  psi  tends 
to  increase  throughput,  although  there  is  a  slight  reduction  in 
the  high  pressure  and  low  pressure  column  performances  as 
evidenced  by  the  rise  in  waste  oxygen  purity  and  the  drop  in 
product  oxygen  purity.  Net  pounds  of  oxygen  are  increased  at  ■ 
the  increased  inlet  pressure  in  spite  of  the  reduced  product  purity. 

Corrective  measures  were  investigated  to  restore  the 
normal  feed  air  throughput  at  these  new  inlet  pressures.  Since  the 
heat  transfer  area  at  the  reboiler-condenser  is  constant,  the  rotation¬ 
al  speeds  should  be  adjusted  to  change  the  reboiler-condenser  AT 
and  the  condensing  coefficient.  As  inlet  pressure  increases,  rotation¬ 
al  speed  should  be  increased.  Decreased  inlet  pressure  requires 
lower  rotational  speed.  Changes  in  speed  affect  system  pressure  drop 
and  can  therefore  correct  purities  or  pressure  levels.  Table  26  was 
developed  for  65  rad. /sec.  design  speed.  Substitution  of  45  rad, /sec. 
would  change  numbers  but  not  the  basic  conclusion  that  separator 
inlet  pressure  deviations  can  be  compensated  for  by  changes  in 
rotational  speed. 

Variations  in  waste  pressure  were  investigated  to  determine 
the  effect  of  a  malfunction  of  the  waste  recompression  system.  The 
results  in  Table  27  show  that  a  drop  in  waste  pressure  would  improve 
the  theoretical  column  performance  since  the  distillation  is  easier 
at  the  reduced  pressure.  Consequently  waste  and  product  purities 
are  improved .  The  reflux  condenser  heat  load  is  Increased  but  the 
reboller-condenser  load  is  constant  for  the  same  throughput.  However, 
in  actual  operation  the  reboiler-condenser  AT  becomes  larger,  per¬ 
mitting  a  larger  throughput  at  this  point.  Throughput  will  Increase 
until  both  column  pressure  drops  and  the  reboller-condenser  AT  have 
absorbed  the  drop  in  waste  pressure.  Tray  hydraulics  and  mass  transfer 
cannot  be  analyzed  at  this  time,  although  it  is  known  that  some  increase 
in  rotational  speed  would  be  needed  to  prevent  flooding  of  the  inner 
column  trays . 

If  waste  pressure  Increases  to  61.5  psla  the  waste  and 
product  purities  are  decreased.  The  reflux  condenser  heat  load  is 
also  lower  than  at  the  design  pressure  of  56,5  psla.  In  actual 
operation  a  AT  squeeze  oeeuis  al  Ihe  reboller-condenser  although  the 
head  load  remains  constant.  By  reducing  the  rotational  speed  and 
throughput,  the  operation  could  be  continued  at  some  intermediate 
purity . 
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TABLE  27 

THEORETICAL  CYCLE  STUDY  WITH 
SEPARATOR  WASTE  PRESSURE  DEVIATION 


Waste  Pressure  (Psia.). 


Vlf  QaLts 

51.5 

f  I  eaanic_i., 

56.5 

1  _ 

61.5 

Product  Pressure  (psia) 

76.5 

76.5 

76.5 

Separator  Inlet  Pressure  (psia) 

225.0 

225.0 

225.0 

Product  Oxygen  Purity 
(Mole  Fraction) 

0.9050 

0.8874 

0.878 

Waste  Oxygen  Purity 
(Mole  Fraction) 

0.01650 

0.01755 

0.01890 

Low  Pressure  Column 

Theoretical  Trays 

14.9 

14.9 

14.9 

High  Pressure  Column 

Theoretical  Trays 

10.0 

10.0 

10.0 

Shelf  Oxygen  Purity 
(Mole  Fraction) 

0.04 

0.04 

0.04 

Kettle  Oxygen  Purity 
(Mole  Fraction) 

0.315 

0.315 

0.315 

Reboiler-Condenser  Heat  Load 
(B.t.u./lb.-mole  feed) 

1795.0 

1795.0 

1795.0 

Reflux  Condenser  Heat  Load 
(B.t.u./lb.-mole  feed) 

704.0 

694.0 

684.0 

Kettle  Liquid  Flow  Rate 
(lb .-moles/lb .-mole  feed) 

0.6183 

0.6183 

0.6183 

Shelf  Liquid  Flow  Rate 
(lb  .-mole s/lb  .-mole  feed) 

0.3817 

0.3G17 

0.3817 
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6,7.4  Shutdown 


When  collect  has  been  accomplished  the  separator  may 
be  shut  down  by  shutting  off  the  hydrogen  refrigeration  at  the 
reflux  condenser.  Experience  in  the  boilerplate  model  tests  will 
determine  if  it  is  desirable  to  continue  a  partial  air  flow  through 
the  separator.  Liquids  on  the  trays  will  be  vaporized  by  the 
incoming  air  if  the  air  flow  is  reduced  gradually ,  except  in  the 
stripping  section  of  the  low  pressure  column.  Here  the  oxygen 
vapor  flow  will  fall  off  rapidly  permitting  the  trays  to  weep,.  At 
this  time  it  is  believed  that  the  air  should  not  be  shut  off  complete¬ 
ly  until  all  liquids  are  vaporized.  Otherwise  an  excess  of  fluid 
might  concentrate  at  the  column  periphery. 

6.8  Bolling  Surface  and  Condensing  Surface  Treatments 

6.8.1  General 

Evaluation  of  the  Linde  boiling  surface  treatment  was 
requested  to  determine  its  overall  value  compared  to  a  plain  un¬ 
treated  boiling  surface.  Subsequent  to  this  request  in  the  work 
statement,  the  porous  condensing  surface  has  shown  even  greater 
Improvement.  Both  surfaces  are  discussed. 

6.8.2  Surface  Treatment  Evaluation 

Design  conditions  used  for  the  boiling  and  condensing 
surface  evaluation  are  as  follows; 


Condensing  N2  Rich  Bolling  O2  Rich 
Stream  (tubes)  Steam  (shell) 


Flow  Rate,  Lb. /-Mole/Lb. -Mole  Feed 

1.069 

1.1152 

Temperature,  R° 

199.7 

192.8 

Pressure,  Psia 

218.8 

80.6 

Rotational  Speed,  Rad. /Sec. 

60.0 

Reboller-Condenser  Heat  Duty,  Btu/Lb.- 

1748.8 

Mole  Feed 


The  heat  exchanger  is  assumed  to  consist  of  1/4"  O.D.  aluminum 
tubes  arranged  in  the  form  of  a  disk.  Nitrogen  is  condensed  inside  the 
tubes  and  boiling  oxygen  flows  between  the  disks  or  rotors.  The  outside 
radius  is  assumed  to  be  42  in.  and  the  inside  radius  24  in.  with  the  rotors 
on  a  1/2"  pitch. 
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Three  cases  are  considered  In  the  boiling  surface  evaluatibh; 

Case  1.  Special  boiling  surface  and  porous  condensing  surf aee 

Case  2.  Special  boiling  surface  and  smooth  condensing  surface 

Case  3,  Untreated  .  boiling  and  smooth  condensing  surfaces 

For  the  first  case,  in  which  the  special  boiling  surface  and 
porous  condensing  surface  are  used,  a  minimum  weight  and  volume  are 
obtained .  The  boiling  side  heat  transfer  coefficient  correlation  for 
the  special  copper  boiling  surface  from  Section  4.0,  Figure  40,  Is; 


^b  =  ^^^b 


1.2 


where  B 


7100 


For  a  porous  surface  inclined  to  a  "g"  field,  the  condensing  side  heat 
transfer  coefficient  is: 


where  r  mean  =  2/3 


1/4 


2  3’ 

-| 

p  L  X, 
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When  a  heat  balance  is  made  across  a  tube  the  heat  flux,  Q/A,  Is 
expressed  as: 
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Q/A  = 


'THE0@1  atm 


3/4  _ 


=  B  AT 


,  .V  2  mean 

{«) 


1/4 

a- Ax) 


. In  Case  2,  where  a  special  boiling  surface  and  smooth 

condensing  surface  are  considered,  tHe  condensing  side  heat 
transfer  coefficient  enhancement  factor, 

^^c^THEO®  1  atm., 

obtained  with  a  porous  condensing  surface  is  lost. 

This  decreases  heat  transfer  performance  and  results  in: 


Weight  Case  1 


=»  3.0  and 


Volume  Case  1 


=  3.7 


In  Case  3,  when  a  plain  tube  without  surface  treatment 
on  either  side  is  considered  heat  transfer  performance  further 
declines  resulting  in: 


Weight  Case 


Weight  Case  1 


=  4.0  and 


Volume  Case  1 


=  8.0 


6.8.3  Reboller-Condenser  Sizing 


This  study  presents  the  effect  of  rotational  speed  at  several 
arbitrary  AT  conditions.  Table  28  shows  the  variation  of  individual 
heat  transfer  coefficient,  overall  heat  transfer  coefficient  and  unit 
heat  flux  with  overall  temperature  difference  and  rotational  speed. 

Since  the  configuration  radii  are  fixed,  rotational  speed  variation  is 
a  convenient  means  of  vaiying  the  gravitational  forces;  Ng.  As 
rotational  speed  Increases  it  can  be  seen  that  the  condensing  side 
heat  transfer  coefficient  Increases  while  the  boiling  side  heat  transfer 
coefficient  decreases.  As  AT  increases,  the  condensing  side  heat  transfer 
coefficient  decreases,  with  a  corresponding  increase  in  boiling  side  heat 
transfer  coefficient.  63  ASRP-2391 
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TABLE  28 

REBQILER-CQNDENSER  HEAT  TRANSFER  CMARACTERl^TlCg 


Assumed  Overall  Unit 

Overall  AT  Film  Coefficients*  Coefficient  Heat  Flux 


Rotational  Speed  =  35  rad. /sec.  Ng  =  102.5 


2.0 

7,512 

8,643 

4,019 

8,038 

4.0 

10,292 

5,542 

3,602 

14,409 

6.0 

12,138 

4,414 

3,237 

19,420 

Rotational  Speed  =  43  rad, /sec. 

Ng  =  155 

3.0 

9,955 

8,145 

4,480 

13,439 

3.5 

10,678 

7,377 

4,363 

15,270 

4.8 

12,176 

6,088 

4,059 

19,482 

Rotational  Speed  =  60  rad, /sec. 

Ng  =  302 

2.0 

9,268 

15,781 

5,839 

11,678 

4.0 

13,201 

9,858 

5,643 

22,574 

6.9 

16,531 

7,  085 

4,959 

34,219 

*  Data  for  Aluminum  porous  condensing  surface  and  special 
copper  boiling  surface. 
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The  combination  of  boiling  side  and  condensing  side  heat 
transfer  resistances  determine  the  overall  heat  transfer  resistance 
(I/Uq)  although  the  wall  resistance  is  becoming  effective  at  the 
higher  flux.  It  can  be  seen  that  the  overall  heat  transfer  resistance 
decreases  as  AT  Increases,  and  increases  as  rotational  speed 
Increases . 

Finally;  the  unit  heat  flux  equal  to  the  product  of  the  overall 
heat  transfer  coefficient  and  the  AT  Increases  with  increase  in 
rotational  speed  and  with  AT. 

For  minimum  reboiler-condenser  weight  the  unit  heat  flux 
should  be  a  maximum.  Thus  the  product,  UqAT  must  be  a  maximum. 

It  can  be  seen  that  the  maximum  unit  heat  flux  in  Table  28  occurs  at 
a  AT  of  6.9  ®R  and  a  rotational  speed  of  60  rad. /sec.  and  thus  yields  the 
minimum  reboiler-condenser  weight  of  the  cases  presented  in  this  table, 
where  arbitrary  AT's  were  assigned.  In  designing  a  separator  with  fixed 
inlet  and  waste  pressures,  however,  AT  is  dependent  on  rotational  speed 
which  determines  column  pressure  drop.  The  result  is  that  most  cycles 
will  produce  a  maximum  UoAT  at  speeds  less  than  60  rad, /sec.  This 
results  from  the  strong  effect  rotational  speed  exercises  over  column 
pressure  drop  and  hence  reboiler-condenser  AT. 

6.9  Reliability 

6,9.1  General 

This  reliability  study  is  the  first  in  an  extensive  reliability 
program  which  will  be  required  to  achieve  the  final  performance  reliability 
data  for  a  full  scale  flight -weight  air  separator.  The  scope  of  this  study 
Includes  a  look  at  the  number  of  parts  in  the  preliminary  design  and  the 
probability  calculations  with  assumed  reliability  values.  Extensive  tests 
will  be  required  on  each  component  to  develop  the  probability  data  needed 
for  the  ultimate  reliability  analysis. 

The  reliability  of  a  full  scale  flight-weight  air  separator 
is  assessed  in  three  general  categories.  First  and  most  important  is  the 
design  and  manufacture  of  the  separator.  This  determines  the  inherent 
product  reliability.  Secondly  is  the  operational  reliability  which  is  related 
to  installation,  maintenance  and  servicing  of  the  separator.  The  third 
category  is  mission  reliability.  Modes  of  failure  are  discussed  in  their 
relation  to  the  overall  mission  reliability. 
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6.9.2  Product  Reliability 

A  product  can  only  perform  as  well  as  its  design  will  permit. 

To  assure  a  high,  degree  of  inherent  product  reliability  it  is  necessary 
to  specify  performance  goals  and  reliability  standards  at  the  inception 
of  the  design  of  the  flight-weight  separator.  The  preliminary  design 
is  evaluated  in  relation  to  the  performance  goals  outlined  in  the  work 
statement.  Reliability  standards  are  not  specified  since  this  program 
is  still  in  the  applied  research  phase .  However,  the  low  number  of 
moving  components  inherently  provides  a  high  degree  of  reliability. 

6. 9. 2.1  General  Design  Requirements 

It  is  required  that  a  full  scale  flight-weight  air  enrichment  unit 
be  capable  of; 


a.  "A  unit  weight  of  5.0  lb. /lb. /sec.  of  throughput  air.  " 

This  weight  goal  can  be  achieved  with  the  minimum  desired 
purity  of  90%  oxygen  product  purity  and  98%  nitrogen  waste 
purity  at  the  95%  confidence  level  weight  estimate  on  Figure  186. 
Therefore  the  weight  goal  can  be  met  within  the  purity  limitations 
established  for  oxidizer  product  and  nitrogen  waste  streams. 

b.  "A  unit  volume  of  0.5  cu. ft. /lb. /sec.  of  throughput 

air. "  Present  realistic  evaluation  of  the  system  volume  indicates 
that  the  lowest  unit  volume  possible  would  be  1.04  cu. ft. /lb. /sec. 
at  the  minimum  desired  purity  at  95%  confidence  level  in 
Figure  186.  The  limiting  criteria  is  the  superficial  vapor  velocity 
which,  in  current  technology,  must  be  under  10  ft. /sec.  in  the 
columns  to  obtain  reasonable  mass  transfer  efficiency.  At 
minimum  desired  purity,  the  separator  will  incur  an  0 . 54  lb./ 
lb. /sec.  weight  penalty  to  compensate  for  the  0.54  cu.ft./lb./ 
sec.  volume  excess  beyond  the  goal. 

c.  "  Performance 

(1)  "Oxidizer  Effluent  Purities:  90-95%  desired 

75-95%  acceptable.  " 

(2)  "Nitrogen  Effluent  Purities:  98%  desired 

9  5-98%  acceptable.  " 
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Purity  goals  will  be  met  as  noted  in  the  weight  and  volume 
discussion.  With  average  return  from  continued  research  it 
should  be  possible  to  achieve  the  maximum  desired  purities 
within  the  weight  goal. 

d.  "Satisfactorily  accepting  air  at  pressures  up  to  250  psig 
at  qualities  from  a  few  degrees  of  superheat  to  saturated  liquid, 
and  containing  constituents  normally  found  at  altitudes  between 
70,000  and  100,000  ft. "  The  separator  will  be  able  to  accept 
air,  which  has  been  properly  cleansed  of  impurities,  at  pressures 
up  to  25  0  psig  and  at  qualities  from  a  few  degrees  of  superheat 
to  a  few  percent  liquid.  The  minimum  weight  separator  will 
probably  operate  at  the  upper  limit  of  the  pressure  levels  under 
investigation,  although  this  also  is  a  strong  function  of  the  waste 
pressure.  The  saturated  liquid  feed  condition  is  not  compatible 
with  the  double  column  cycle  since  the  high  pressure  column 
depends  on  the  vapor  feed  to  achieve  separation.  A  different 
cycle,  probably  a  less  efficient  one,  would  be  required  if 
saturated  liquid  must  be  separated.  The  separator  will  satis¬ 
factorily  accept  air  found  at  70,000  to  100,000  feet  although 
proper  procedures  must  be  established  to  handle  some  constituents. 
The  effects  of  minor  constituents  is  examined  in  Section  6.6. 

e.  "Providing  satisfactory  operation  under  off-design 
conditions;  e.g.  start-up,  shutdown,  and  other  transients . " 

The  separator  will  perform  at  conditions  slightly  different  from 

the  nominal  design  conditions  by  adjusting  the  speed  of  rotation  or 
throughput.  Since  the  columns  contain  a  fixed  number  of  trays  it 
is  not  practicable  to  change  radically  from  the  design  point  with¬ 
out  some  other  compensating  change.  Start -up  and  shutdown 
procedures  will  be  simple,  primarily  in  opening  and  closing  the 
hydrogen  refrigeration  supply  and  the  feed  air  supply.  It  is 
planned  to  protect  the  separator  from  a  catastrophic  failure  from 
excess  pressure  by  installing  bursting  disks.  This  will  avoid  an 
extreme  weight  penalty  from  over  design  or  other  relief  devices. 
Off-design  performance  has  been  discussed  in  detail  in  Section 
6.7  of  this  report. 

f.  "Not  less  than  fifty  (50)  flight  hours  of  maintenance-free 

operation."  Maintenance -free  operation  depends  on  the  performance 
of  the  seals,  bearings  and  valves,  which  are  the  only  parts  of  the 
separator  which  are  subject  to  wear.  The  following  discussion  of 
components  confirms  that  the  design  should  provide  the  required 
hours  of  operation.  <53  aSRP-2391 
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To  analyze  the  reliability  of  the  entire  separator,  it  is 
necessary  to  determine  the  inherent  reliability  of  the  individual 
components.  Since  these  components  are  in  series,  the  resultant 
product  of  the  component  reliabilities  will  be  the  Inherent  design 
reliability  of  the  separator.  The  major  separator  components,  the  two 
columns  and  the  reboiler'-condenser,  are  sections  of  a  single  rotor  in 
the  current  preliminary  design.  Consequently  the  only  moving  parts  are 
the  bearings  which  support  this  rotor,  the  shaft  seals,  diffuser  seals, 
and  the  control  valves  which  regulate  liquid  transfer  between  columns . 
Drive  turbines  were  not  a  part  of  this  study. 

a.  Bearings 


Design  criteria  in  the  work  statement  specify  a  minimum 
of  50  hours  of  maintenance-free  operation.  If  each  bearing  has 
a  99.5%  probability  of  successful  operation  in  the  50  hour  period, 
the  resultant  bearing  reliability  can  be  calculated  using  the 
Weibull function  (Ref.  48),  the  ratio  of  operating  time,  to 
design  life  at  90%  reliability,  equals  0.1  at  99.5% 
reliability.  Minimum  design  life  thus  should  be  500  hours. 

Using  a  typical  bearing  of  35  in.  diameter,  it  would  be  rated  for 
12,830  lb.  radial  load  at  100  RPM  and  3000  hours  average  life 
(4.08  X  design  life)  (Ref.  49). 

Allowable  Bearing  Load  -  Paed  Loadj^y^p^^djaplor) 

Rated  Load  =  12,830  lb. 

Speed  Factor  =  .526  at  685  RPM 

Life  Factor  =  ,88  at  500  x  4.08  hours 


Allowable  Bearing  Load  = 


(12.830)  (.526) 

(.88) 


The  above  load  is  the  fatigue  life  capacity  which  will 
permit  99.5%  reliability  of  each  bearing  when  properly  lubricated 
and  cooled.  It  Is  presumed  that  the  design  will  provide  proper 
lubrication  and  cooling. 

Six  bearings  will  be  required  to  support  a  10,000  lb. 
rotor  containing  32,000  lb.  of  fluid.  Therefore  total  bearing 
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reliability  is  (99.5%)  =  97.5%.  This  is  the  inherent  bearing 
reliability. 

b.  Seals 

Design  alternatives  on  the  diffuser  seal  will  permit:  a 
pressure  balanced  contact  seal,  a  close-clearance  vane  seal,  or 
a  pressure  shell  with  minimum  seal  differential  pressure.  The 
design  is  not  sufficiently  defined  to  permit  an  evaluation  of  its 
performance  in  terms  of  absolute  reliability.  Regardless, 
reliability  assumptions  may  be  made  for  purposes  of  estimating 
the  overall  product  reliability. 

The  two  diffuser  seals  are  the  most  difficult  since  they 
encompass  the  larger  diameters.  A  design  life  of  50  hours  at  98% 
reliability  on  each  seal  is  used  in  their  evaluation.  Tests  of  the 
l/20  scale  unit  will  provide  data  for  determination  of  the  actual 
component  reliability. 

Shaft  seals  can  be  assumed  to  have  a  99%  reliability  for 
the  50  hour  life.  There  are  five  of  these  units. 

Combined  seal  reliability  is  91.5%. 

c.  Control  Valves 

There  are  two  control  valves  within  the  rotor.  One  valve  is 
for  kettle  liquid  transfer;  the  other  is  shelf  liquid  transfer.  Re¬ 
liability  of  each  valve  is  assumed  to  be  99.5%  in  the  50  hour 
design  life.  Numerous  test  results  will  be  required  to  develop 
reliability  data  for  these  controls. 

Inherent  design  reliability  of  the  total  separator  is  the 
product  of  the  components,  or  88.5%  overall  reliability  based  on 
the  assumptions  for  each  component.  This  study  indicates  there 
are  only  3  types  of  components  which  affect  design  reliability; 
a  total  of  15  individual  items.  When  the  cost  of  a  mission  effort 
is  calculated  it  will  then  be  possible  to  evaluate  the  degree  of 
separator  reliability  requiied  and  the  optimum  funding  for  studies 
to  develop  this  reliability. 

6. 9. 2. 3  Fabrication  Reliability 

As  the  design  progresses  from  the  very  preliminary  phases  it  will 
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be  possible  to  develop  the  detail  component  drawings  and  dimensions . 
Probabilities  of  manufacturing  and  assembling  parts  within  tolerances 
can  then  be  calculated.  Since  large  brazed,  soldered  or  welded 
assemblies  will  be  required,  some  probabilities  of  successful  manu¬ 
facture  could  be  developed  to  determine  the  number  of  duplicate  com¬ 
ponents  required  to  achieve  one  completely  sound  structure.  The 
reliability  of  the  components  which  pass  the  manufacturing  inspection 
would  be  determined  from  a  series  of  reliability  tests.  Results  of  these 
tests  would  be  combined  with  the  component  design  reliability  to  pro¬ 
vide  the  inherent  reliability  of  the  separator. 

6.9.3  Operation  Reliability 

When  the  quality  control  tests  have  been  completed  on  the 
manufactured  product,  the  separator  must  be  packaged  for  shipment. 
Operational  reliability  of  the  separator  begins  at  this  point  and  continues 
through  its  installation  in  the  vehicle  and  its  maintenance  between 
missions. 

During  shipment  and  storage  the  separator  must  be  protected 
from  water  vapor.  Moisture  would  cause  corrosion  of  the  bearings  and 
other  parts.  Sealing  techniques  developed  for  overseas  shipment  will  be 
adequate  for  the  shipment  and  storage  of  the  separator.  In  addition 
some  protection  must  be  provided  against  the  permeation  of  moisture 
through  the  wrapping  materials.  A  positive  purge  system  or  desiccant 
is  recommended.  No  oil  or  grease  may  be  used  for  protection  since 
these  combustibles  are  hazardous  in  an  oxygen  production  facility. 

During  installation  no  special  atmosphere  is  required  although 
high  humidity  or  corrosive  atmosphere  should  be  avoided.  When  the 
separator  is  in  place  it  is  suggested  that  a  dry  gas  purge  be  resumed  to 
remove  any  moisture  accidentally  introduced  into  the  system. 

Following  operation  of  the  separator  the  system  should  be  warmed 
by  purging  with  a  warm  dry  gas  to  positively  exclude  moisture  in  this 
critical  period  when  frost  will  form  on  the  cold  heat  exchange  surfaces 
and  bearings . 

With  strict  adherence  to  the  above  procedures  no  reduction  in 
separator  reliability  is  anticipated  from  the  time  it  passes  quality 
control  tests  at  the  factory. 
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6 , 9 . 4  Mission  Reliability 

The  mission  reliability  is  examined  in  two  respects.  First,  the 
functional  reliability  during  the  mission,  and  secondly  the  modes  of 
failure  and  the  consequences. 

To  determine  the  functional  reliability,  the  separator  and 
auxiliaries  were  listed  functionally  in  a  logic  sequence.  Since  all  are 
series  functions,  tabular  form  was  used. 

Mission  Functional  Reliability  Logic 

The  separator  will  produce  the  quantity  and  purity  of  product 

IF  it  receives  the  design  air  inlet  pressure,  temperature  and 

volume 

AND  IF  the  drive  delivers  the  necessary  power  and  speed  control 

AND  IF  the  hydrogen  refrigeration  is  delivered  at  specified  design 

conditions 

AND  IF  the  hydrogen  interstage  expansion  turbine  performs  as 

specified 

AND  IF  the  low  pressure  column  expansion  turbine  performs  as 

specified 

AND  IF  the  reboiler-condenser  product  and  recirculation  expansion 
turbine  performs  as  specified 

AND  IF  the  separator  performs  at  the  Inherent  design  reliability 

AND  IF  the  waste  recompression  system  performs  as  specified 

IF  all  of  the  above  are  achieved,  the  separator  contribution  to 

the  mission  will  be  successful. 


Applying  a  uniform  99%  reliability  to  each  of  these  sequences, 
except  the  Inherent  design  reliability  which  was  already  estimated  at  88.5%, 
the  mission  reliability  would  be  82.5%  for  50  hours  of  operation.  This  is 
nominally  100  missions.  The  reliability  of  the  earlier  missions  would  be 
considerably  improved.  In  the  ultimate  analysis,  an  economic  Justification 
should  be  made  for  the  design  goal  reliabilities. 

Modes  of  failure  are  also  Important.  If  the  failure  is  catastrophic 
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it  naturally  would  require  a  much  higher  reliability  than  if  it  only 
requires  aborting  a  mission  with  a  recoverable  vehicle.  The  only 
catastrophic  failure  anticipated  would  result  from  an  explosion  caused 
by  contamination  of  the  system  with  combustibles.  There  could  be  oil 
or  grease  Introduced  in  some  section  of  the  system  during  manufacture 
or  possibly  volatiles  from  lubricated  equipment  at  the  warm  end  of  the 
system. 


Malfunctions  of  the  separator  would  include  drive  failure  or 
bearing  failure  which  would  prevent  rotation  of  the  separator .  Seal 
failure  would  permit  excess  leakage  which  would  reduce  system 
pressure  below  an  operable  level.  Hydrogen  leakage  at  the  reflux 
condenser  would  only  be  serious  if  the  leakage  were  substantial. 
Minor  hydrogen  leaks  would  be  washed  into  the  nitrogen  waste  stream 
through  the  heat  exchanger  to  the  engine  combustion  chamber. 
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APPgfJEmc  I 

“ITCON"  FLUID  EXPmMENm  -E0-m-PMmT  MD 
SEGMENTAL  TRAY  ROTORS 


1.  Description 

The  "UCON"  fluid  test  rotors  have  been  designed  so  that 
trays  can  be  inserted  at  various  distances  from  the  hub  to  form  a 
simple  distillation  column  being  rotated  about  its  axis.  The  purpose 
of  the  tester  is  to  investigate  the  fluid  dynamics  and  mass  transfer 
characteristics  of  a  column  in  a  high  gravitational  field.  The 
apparatus  is  arranged  so  that  the  rotational  velocity  (and  thus  the 
gravitational  force  on  the  trays),  the  liquid  and  vapor  rates,  the 
the  column  pressure  and  the  inlet  temperatures  of  the  gas  and  reflux 
streams  can  all  be  varied  independently.  By  this  means,  a  wide 
range  of  operating  conditions  can  be  studied  to  determine  the  effect 
of  each  variable  on  the  operation  of  the  column.  In  addition,  the 
number  and  configuration  of  the  trays  can  be  changed  and  their 
behavior  studied  under  various  conditions .  A  stroboscopic  light 
arrangement  permits  visual  observation  of  the  trays  through  Plexi¬ 
glas  windows  on  the  tester,  enabling  high-speed  photographs  to  be 
taken . 


In  addition  to  the  tester  itself,  a  variety  of  tanks,  condensers, 
a  boiler,  pumps,  heat  exchangers,  controls  and  instruments  are  re¬ 
quired.  The  schematic  flow  sheet  (Figure  2)  illustrates  the  entire 
system  which  is  described  in  some  detail  below. 

The  IICON  fluid  is  stored  in  a  300  gallon  tank  equipped  with 
a  liquid  nitrogen  cooling  coll.  A  temperature  controller  on  the  tank 
regulates  the  flow  of  nitrogen  from  a  standard  Linde  AT- 2 5  cold 
converter.  The  liquid  UCON  fluid  from  the  tank  is  fed  through  a 
strainer  to  the  suction  side  of  a  Turbocraft  centrifugal  pump.  A 
valving  arrangement  on  the  discharge  side  of  the  pump  allows  a 
portion  of  the  liquid  to  pass  either  through  the  remotely  operated 
boiler  feed  bypass  valve  to  the  condenser,  or  back  to  the  storage 
tank.  The  rest  of  the  liquid  passes  through  the  vapor  feed  control 
valve ,  through  a  turbine-type  flowmeter  and  into  the  shell  side  of  a 
standard  shell-and-tube  boiler  manufactured  by  Basco,  Inc.  Steam 
is  condensed  in  the  tubes  to  vaporize  the  UCON  fluid,  the  amount  of 
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steam  being  regulated  by  a  liquid-level  controller  on  the  boiler.  The 
vapor  thenlssues  through  a  separator  and  into  the  tester. 

Figures  188  andl89.diow  the  disassembled  rotor  Indicating  the 
general  configuration  of  the  tester. 

The  vapor  enters  the  rotor  through  the  outer  passage  of  the 
concentric  tube  center  shaft  and  is  passed  through  a  pipe  to  the  "bottom" 
of  the  chamber  column,  i.e. ,  the  periphery  of  the  rotor.  The  vapor  then 
passes  up  through  the  chamber,  out  a  hole  in  the  hub,  and  leaves  the 
tester  through  the  center  of  the  shaft  behind  the  rotor,  passing  out 
through  a  header.  Reflux  liquid  enters  the  tester  by  way  of  the  center 
tube  of  the  front  shaft  and  is  sprayed  into  the  chamber  through  two 
nozzles,  one  on  either  side  of  the  chamber  near  the  "top"  or  center 
of  the  rotor.  After  passing  outward  through  the  column,  the  liquid  is 
discharged  centrlfugally  from  the  periphery  of  the  rotor  into  a  passage 
within  the  rotor  casing.  It  leaves  the  tester  through  the  bottom, 
tangentially  to  the  rotor. 


In  addition  to  the  chamber  passage,  the  impeller  has  a  counter¬ 
balancing  device  to  minimize  vibration  caused  by  static  imbalance . 

A  pressure  controller  on  the  casing  maintains  a  present  pressure 
differential  between  the  outer  casing  and  the  inner  column.  This 
protects  the  plexlglas  windows  and  prevents  backleakage  of  fluids 
through  the  rear  shaft  seals  of  the  tester.  The  slight  gas  leakage 
through  the  shaft  seals  passes  through  a  rotometer  and  into  the  vapor 
outline  line  to  the  condenser. 

The  gas  leaving  the  tester  flows  through  an  automatic  valve, 
controlling  the  pressure  within  the  column,  and  into  the  condenser. 

The  condenser  is  a  specially  designed  cylindrical  steel  vessel.  The 
upper  portion  contains  four  colls  of  extended  surface  copper  tubing 
stacked  vertically  and  piped  in  parallel.  Cold  water  from  the  supply 
main  flows  through  the  colls  and  condenses  the  UCON  vapor.  The 
UCON  liquid  thus  formed  flows  by  gravity  to  the  bottom  of  the  tank . 
Protruding  from  the  bottom  is  a  second  cylinder  of  smaller  diameter 
where  the  liquid  is  held.  The  purpose  of  the  smaller  diameter  is  to 
facilitate  liquid-level  control  and  to  minimize  the  amount  of  liquid 
held  in  the  tank.  The  flow  of  cold  water  to  the  coils  is  controlled 
by  the  pressure  within  the  condenser. 

The  condensate,  or  reflux,  runs  by  gravity  from  the  bottom 
of  the  condenser,  through  a  strainer  and  into  the  suction  side  of  a 
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UCON  FLUID  TEST  ROTOR 

FIG.  189 
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pump  identical  to  the  bcsiler  feed  pwnp  previously  meriticnii .  fi  pS^on 
of  1h§  pumped  liquid  may  flew  direGt%  to -the  storage  tahhf^the  rate 
^Beihf  -dfntfQlim  manua-  by  tha“l±qiild'ie»sl-  in-  the-‘sgh4^nger.  A 

remotely  operated  bypass  valve,  labeled  "Reflux  Feed  Controller,  "  is 
provided  to  aid  in  priming  the  pump .  The  UCON  liquid  not  run  to 
storage  passes  through  a  flowmeter  and  two  Hellflow  exchangers  wherein 
hot  water  warms  the  reflux. 

A  separate  system  circulates  the  hot  water  from  a  storage  tank, 
through  a  pump  and  the  two  UCON-water  exchangers .  Before  flowing 
back  to  storage,  the  water  passes  through  a  small  Heliflow  steam  heater, 
A  temperature  probe  in  the  hot  water  tank  controls  the  flow  of  steam  to 
this  exchanger  and  a  temperature  sensor  on  the  reflux  line  controls  the 
heating  water  rate . 

Reflux  flows  into  the  center  of  the  tester  and  out  the  periphery 
as  previously  described  and  then  drains  into  a  liquid  return  holdup  tank. 

A  small,  water-cooled  shell  and  tube  condenser  mounted  over  this  tank 
controls  the  pressure  within  the  tester  casing.  The  UCON  fluid  then 
passes  through  the  tube  side  of  a  water-cooled  subcooler  and  returns 
to, the  storage  tank.  The  flow  rate  of  this  return  stream  is  controlled 
by  a  liquid  level  controller  on  the  liquid  return  tank . 

When  the  unit  is  shut  down  or  opened  for  tray  changes,  there  are 
numerous  points  at  which  air  can  enter.  Any  such  leakage  eventually 
collects  in  the  condenser  or  the  storage  tank  and  can  adversely  affect 
the  operation  of  the  system.  To  remove  this  air,  a  partial  condenser 
circuit  is  provided  as  shown  on  the  flow  sheet.  A  small  Trane  core  is 
mounted  vertically  on  one  side  of  the  condenser.  The  air-UCON  vapor 
mixture  from  the  storage  tank  and  the  condenser  is  passed  up  through 
the  core  while  cold  nitrogen  gas  is  blown  through  in  parallel  flow.  The 
UCON  condenses  and  runs,  by  gravity,  into  a  pot  while  the  air  is  vented. 
The  condensate  is  pumped  back  to  the  main  condenser  by  a  small  pump 
mounted  under  the  pot . 

For  ease  of  evaluating  the  overall  magnitude  of  the  equipment, 
several  sizes  of  the  more  important  pieces  of  equipment  are  listed  in 
Table  29. 

2.  Test  Capabilities 

a.  General 

The  equipment  has  been  designed  with  flexibility  in  mind  so  that 
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TABLE  29 

UPON  Fluid  Flow  System 
significant  Sizes 

Condenser  -  4,000  sq.  ft. 

Collection  Pot  -  16  In.  O.D.  x  25  In. 

Storage  Tank  -  300  gal. 

Boiler  -  47  aq.  ft. 

Liquid  Return  Tank  -  30  gal. 

Subcooler  -  64  sq.  ft. 

Tester  -  44  In.  diameter 

Chamber  dimensions  -  3  In.  x  4  In. 

Tray  radii  -  every  1-1/4  In.  from  9  In.  to  15-1/4  In 
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a  wide  variety  of  tests  cari.be  run  with  little  or  no  change  in  the  syitejh . 

For  the  present  program,  the  studies  were  eonoerned  primarily  with  the 
hydraulic  characteristics  of  rotating  sieve  trays  and  with  their  separation 
efficiency.  Various  provisions  have  been  made  to  obtain  the  desired  data 
for  these  studies  and  a  detailed  discussion  of  these  instruments  and 
associated  techniques  are  described  below. 

Because  of  the  Increased  throughput  demanded  for  the  circum¬ 
ferential  tray  tests,  several  minor  .)ing  changes  were  necessary;  most 
of  them  to  reduce  pressure  drop  between  the  tester  and  condenser.  For 
this  reason,  G-1,  the  column  pressure  controller,  was  eliminated  from 
the  system. 

The  increased  feed  to  the  boiler  was  likely  to  result  in  consider¬ 
able  entrainment  In  the  vapor  feed  stream.  To  enable  measurement  of 
this  entrainment,  a  liquid  level  control  was  Installed  on  the  separator 
which  regulated  an  automatic  valve  in  the  separator  return  to  storage 
line.  A  flowmeter  was  also  Installed  in  this  line  to  measure  the  amount 
of  entrained  liquid  sent  back  to  the  storage  tank. 

The  schematic  flow  diagram  described  previously  indicates  the 
various  points  throughout  the  system  where  pressure  and  temperature 
sensors  are  located.  These  indicators  and  the  flowmeters  mentioned 
before  enable  the  determination  of  the  operating  conditions  at  any  time . 

b .  Pre  s  sure  Drop 

To  determine  the  pressure  drop  through  a  tray  or  groups  of  trays, 
two  differential  pressure  cells  are  provided,  the  output  signals  of  which 
are  fed  to  a  recorder.  One  cell  measures  the  AP  across  the  entire  tester, 
the  probes  for  which  are  located  on  the  inlet  and  exit  vapor  lines.  A 
calibration  curve  based  on  the  empty  column  pressure  drop  has  been  made. 

A  second  cell  is  located  on  the  rotor  Itself  and  the  probes  may 
be  placed  in  a  number  of  positions  to  measure  the  AP  across  one  tray 
or  the  entire  column.  The  output  signal  from  this  unit  is  affected  by 
the  gravitational  field.  Therefore,  a  calibration  curve  of  transducer 
reading  versus  rotor  RPM  has  been  drawn. 

c.  Mass  Transfer 

For  efficiency  studies,  it  is  necessary  to  know  the  compositions 
of  the  various  streams  entering  and  leaving  the  column.  To  determine 
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these  cotnposltions,  sample  taps  are  pfoviaed  on  idte  spfrsprtite 
lines  into  and  out  of  the  tester.  These  taps  are,  indicated  by  the 
symbol  (S)  on  the  flow  diagram  and  are  run  to  a  Beokman  GC=^2A 
Gas  Chromatograph  equipped  with  an  Integrating  readout  device . 

By  various  valving  techniques  samples  of  any  of  the  four  streams  may 
be  analyzed . 

The  GC-2A  must  first  be  calibrated  by  running  samples  of  the 
pure  components  through  the  chromatograph.  Cylinders  of  these 
gases  are  provided  for  this  purpose. 

d.  Tray  Operation 

The  successful  operation  of  a  program  of  this  nature  requires 
visual  observation  of  the  column  in  operation.  For  this  purpose  the 
chamber  and  the  walls  of  the  tester  are  equipped  with  plexlglas 
windows  behind  which  a  stroboscopic  light  is  mounted.  An  electronic 
trip  mechanism  flashes  the  light  at  the  exact  time  that  the  windows 
are  in  view.  With  this  arrangement,  the  following  parameters  may 
be  observed. 

1.  Foam  height  and  stability. 

2.  Amount  of  weeping  from  the  tray. 

3.  Downcomer  action. 

4.  Qualitative  degree  of  entrainment. 

5.  Rangeability,  or  the  maximum  range  over  which  the 

flowrates,  RPM,  vapor  densities,  etc.  may  be  varied 

with  the  column  still  operating  properly. 
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APPENEIEC  n 

"UCON  "  FLUID  PRQPERTOES 


In  the  body  of  this  report,  the  selection  of  various  UCON 
fluids  as  operating  fluids  for  these  studies  was  discussed.  They  were 
chosen  in  order  to  simulate  as  many  of  the  physical  properties  of  liquid 
air  as  possible  while  operating  at  near-ambient  temperatures.  In¬ 
cluded  in  this  appendix  are  graphs  presenting  the  best  available  data 
on  the  properties  of  the  three  UCON  fluids  used,  and  a  table  listing 
the  references  from  which  these  properties  were  obtained. 

1 .  Vapor- Liquid  Equilibrium  Data 

To  investigate  the  efficiency  of  a  column,  a  binary  system 
was  used. 


A  brief  search  of  the  literature,  conducted  at  the  outset  of 
this  program,  revealed  a  complete  lack  of  equilibrium  data  for  these 
UCON  systems.  A  series  of  experimental  measurements  were 
consequently  made  over  a  moderate  pressure  range  and  using  a  modified 
bomb  method.  Based  upon  this  data,  liquid  activity  coefficients  could 
then  be  determined  and  utilized  in  the  evaluation  of  equilibrium  data  at 
other  pressures. 


The  results  obtained  with  UCON-12  UCON-114  indicated  that 
this  particular  system  represents  an  almost  ideal  liquid  phase,  that 
is,  ideal  enough  such  that  the  activity  coefficient  may  be  taken  as 
unity.  It  was  found,  furthermore,  that  deviations  from  vapor  phase 
idealities  may  be  adequately  corrected  by  means  of  generalized 
fugacitles.  The  vapor-liquid  equilibrium  data  (Figure  31)  was 
therefore  machine  computed  at  various  operating  pressures  using  the 
following  relationship  written  here  for  the  more  volatile  Component  1 


m _ V 


K  = 


X, 


R  T 
c 


(56) 


^v^  P 
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the  agreement  between  computed  and  experlmehtal  reauUs 
was  generally  to  within  about  5%. 

For  the  circumferential  tray  tests,  UOON-21  was  a  necessary 
fluid  because  of  its  low  vapor  density.  To  enable  the  efficiency  runs 
to  be  made,  a  binary  system  of  UCON-21  with  UCON-114  was  selected 
because  of  the  availability  of  UCON-114  with  its  relatively  similar 
vapor  pressure  curve.  This  characteristic  is  desirable  because  it 
usually  indicates  a  narrow  "lens"  on  an  x-y,  or  liquid-vapor  equilibrium 
plot.  This  allows  a  constant  enrichment  on  each  tray  and  makes  the 
data  less  sensitive  to  errors  In  the  analyzing  equipment. 

With  these  considerations  In  mind,  liquid  vapor  equilibrium 
data  for  the  system  composed  of  UCON-21  and  UCON-114  was  taken 
at  three  different  pressures.  A  typical  plot  of  this  data  Is  shown  and 
Illustrates  the  fact  that  the  system  forms  a  mlnlmum-boillng  azeotrope 
at  about  0.66  mole  fraction  114.  This  in  no  way  hindered  the  use  of 
the  system  In  these  tests  since  the  separation  was  run  between  the 
azeotropic  composition  and  that  of  pure  UCON-21.  This  data  was 
taken  only  at  compositions  up  to  the  azeotrope  since  the  remainder 
of  the  curve  Is  not  required  for  the  purposes  of  this  test  program. 


Using  the  laboratory  liquid-vapor  equilibrium  data.  Figure  190, 
the  activity  coefficient  was  calculated  and  plotted  for  each  component. 
Using  this  smoothed  plot,  vapor-liquid  equilibrium  curves  were  drawn 
for  various  system  pressures.  The  relationship  of  activity  coefficients 
versus  liquid  phase  composition  and  a  typical  X-Y  diagram  are 
included  (Figure  191). 


2.  Physical  Properties 


Physical  property  data  are  presented  in  Figure  192  through 
Figure  199.  They  are  obtained  from  the  following  references. 


a.  UCON-114  Properties  (Ref.  50) 

(1)  Vapor  Pressures 

(2)  Liquid  &  Vapor  Viscosity 

(3)  Liquid  &  Vapor  Density 


b. 


UCON-12  Properties  (Ref.  51) 

(1)  Vapor  Pressures 

(2)  Liquid  &  Vapor  Viscosity 

(3)  Liquid  &  Vapor  Density 

(4)  Surface  Tension 
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c.  UdON-2i  Properties 

(1)  Vapor  Pressures  j(Raf,-52)  . 

(2)  Liquid  &  Vapor  Density  (Ref.  52) 

(3)  Liquid  &  Vapor  Viscosity  (Ref.  23,  p.  790-794) 

d.  Calculated  Properties 

(1)  Activity  Coefficients  (Ref.  53) 

(2)  Surface  Tension  (Ref.  53) 

(3)  Diffusion  Coefficient 

Vapor  -  Original  Method  (Ref.  54) 

-  Improved  Method  (Ref.  55) 

Liquid  (Ref.  54,  p.  26) 
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APPENDIX  III 
SEGMENTAL  TRAY  DATA 

TABLE  30 
SERIES  A 


Run 

V 

__s 

L 

N 

_a_ 

L/V  2k. 

AP 

*^T 

1 

1.! 

94 

11 

.3 

285 

0.064 

1.6 

1.5 

2 

285 

0.112 

1.6 

1.6 

3 

285 

0.168 

2.3 

2.3 

4 

285 

0.244 

2.8 

3.4 

5 

198 

0.056 

2.1 

1.4 

6 

198 

0.112 

2.6 

1.8 
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TABLE  31  (Cont'd.) 


Run 

Ix. 

JfjL. 

.  A- 

Ml, 

AP, 

37 

2.6: 

J 

S.8( 

1  160 

1.26 

0.147 

1.1 

1.2 

38 

160 

0.80 

0.092 

0.9 

0.9 

39 

160 

0.50 

O.OSB 

0.6 

0.7 

40 

208 

1.00 

0.115 

0.8 

1.0 

41 

209 

2.30 

0.265 

1.3 

1.9 

42 

8.79  210 

1.45 

0.250 

1.9 

2.3 

43 

210 

0.90 

0.155 

1.4 

1.7 

44 

210 

0.65 

0.112 

1.3 

1.3 

45 

210 

0.41 

0.071 

1.0 

1.1 

46 

326 

0.60 

0.104 

0.8 

1.5 

47 

326 

1.03 

0.179 

1.1 

2.1 

48 

326 

1.45 

0.250 

1.3 

2.8 

49 

313 

2.00 

0.345 

1.5 

3.8 

SO 

402 

2.00 

0.345 

1.3 

3.9 

51 

12.: 

1  252 

0.39 

0.092 

2.0 

1.9 

52 

252 

0.79 

0.193 

2.3 

2.5 

S3 

1 

377 

0.80 

0.193 

1.8 

3.4 

54 

377 

1.1$ 

0.279 

2.0 

4.2 

55 

402 

0.55 

0.132 

1.5 

2.3 

56 

300 

0.56 

0.135 

1.8 

2.2 

57 

294 

0.86 

0.207 

2.0 

2.6 

58 

294 

1.19 

0.287 

2.3 

3.3 

59 

1. 

.52 

23. 

1  339 

0.61 

0.161 

- 

3.8 

60 

j 

23. 

8  450 

0.63 

0.163 

- 

4.1 

61 

1 

21. 

.2  342 

0.52 

0.113 

- 

3.1 

62 

1 

.32 

16.3  159 

0.70 

0.105 

1.6 

1.2 

63 

1  159 

1.03 

0.152 

1.9 

1.3 

64 

13 

.4  159 

1.45 

0.213 

2.0 

1.5 

65 

15 

.6  159 

1.89 

0.273 

2.0 

1.8 

66 

270 

1.89 

0.273 

1.3 

2.4 

67 

270 

1.41 

0.2Q4 

1.0 

1.9 

68 

288 

0.96 

0.139 

0.9 

1.8 

69 

Z88 

0.57 

0.083 

0.8 

1.4 

70 

22 

.2  359 

0.37 

0.080 

1.3 

1.9 

71 

359 

0.65 

0.141 

1.9 

2.6 

72 

359 

1.03 

0.221 

2.0 

2.9 

73 

359 

1.69 

0.358 

2.3 

4.0 

74 

1.49 

26.4  359 

1.33 

0.369 

2.5 

3.9 

75 

1 

1  359 

0.80 

0.220 

2.4 

3.1 

76 

1 

i  431 

0.60 

0.220 

1  2.4 

3.4 
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TABLE  32 


SERIES  C 


N 

Q 

Ul 

h. 

AP_ 

52 

0.57 

0.055 

1.9 

0.3 

52 

1.03 

0.099 

2.1 

0.4 

52 

1.43 

0.138 

2.4 

0.4 

117 

0.57 

0.055 

1.0 

0.5 

117 

1.01 

0.098 

1.4 

0.7 

117 

1.74 

0.168 

1.6 

1.0 

183 

0.57 

0.077 

1.6 

1.1 

183 

0.82 

0.113 

1.8 

1.2 

183 

1.46 

0.202 

2.0 

1.5 

264 

1.46  . 

0.201 

1.8 

1.9 

264 

2.0 

0.276 

1.8 

2.0 

264 

0.88 

0.121 

1.4 

1.3 

264 

0.47 

0.065 

1.3 

1.0 

359 

1.43 

0.276 

2.1 

2.9 

359 

0.99 

0.190 

2.0 

2.5 

359 

0.64 

0.124 

2.0 

2.0 

454 

1.43 

0.276 

1.8 

3.2 

454 

1.00 

0.193 

1.6 

2.7 

454 

0.74 

0.143 

1.5 

2.2 

462 

1.43 

0.276 

1.9 

2.8 

462 

1.00 

0.193 

1.8 

2.1 

462 

0.71 

0.138 

1.8 

2.0 

264 

0.94 

0.135 

1.8. 

1.3 

264 

1.61 

0.226 

1.9 

l.B 

264 

0.67 

0.094 

1.6 

1.1 

29 

0.63 

0.052 

1.5 

0.4 

29 

1.08 

0.091 

2.3 

0.5 

90 

0.66 

0.056 

0.8 

0.6 

90 

0.95 

0.079 

0.8 

0.6 

90 

1.4 

0.118 

1.3 

0.7 

164 

1.47 

0.124 

O.B 

O.B 

164 

6.67 

0.563 

1.0 

1.2 

164 

0.96 

0.124 

1.4 

1.3 

164 

1.52 

0.197 

1.8 

1.7 

164 

0.62 

0.080 

1.3 

1.0 

117 

0.61 

0.079 

1.5 

O.B 

117 

0.87 

0.112 

1.6 

1.0 
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Run 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 
53 

59 

60 
61 
62 


N 

Q 

Qt. 

A. 

_ s 

117 

1.51 

0.191 

2.1 

1.3 

264 

0.49 

0.090 

1.8 

2.7 

264 

0.77 

0.140 

1.9 

2.1 

264 

1.00 

0.182 

2.0 

2.4 

264 

1.34 

0.244 

2.3 

2.9 

359 

1.68 

0.311 

1.8 

3.6 

359 

0.95 

0.177 

1.5 

2.7 

359 

0.62 

0.112 

1.4 

2.0 

454 

0.65 

0.121 

1.1 

1.9 

454 

0.98 

0.182 

1.3 

2.4 

454 

1.49 

0.281 

1.4 

2.9 

394 

0.46 

0.108 

2.0 

2.3 

394 

0.96 

0.224 

2.0 

3.2 

394 

1.47 

0.342 

2.0 

3.7 

454 

1.51 

0.350 

1.8 

3.6 

454 

1.06 

0.241 

1.6 

3.4 

454 

0.62 

0.143 

1.5 

2.2 

454 

0.43 

0.098 

1.0 

2.0 

326 

0.68 

0.157 

2.1 

2.2 

209 

0.50 

0.112 

1.9 

1.4 

209 

0.85 

0.193 

2.3 

2.3 

326 

0.85 

0.194 

1.4 

2.5 

326 

0.50 

0.114 

1.3 

1.7 

413 

0.59 

0.145 

2.0 

2.2 

413 

1.11 

0.250 

2.0 

3.2 
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TABLE  3'3-^ 
SEMES  D 


Run 

L. 

Ul. 

h. 

th. 

1 

1.5 

18 

10. 

01 

117 

» 

1.27 

0.122 

1.4 

0.7 

2 

0.86 

0.062 

1.3 

0.6 

3 

1.86 

0.176 

1.8 

1.0 

4 

183 

1 

1.03 

0.099 

0.8 

0.8 

S 

1.81 

0.145 

0.9 

0.9 

6 

3.37 

0.228 

1.3 

1.1 

7 

13 

83 

250 

1.10 

0.151 

1.4 

1.2 

8 

1.41 

0.189 

1.5 

1.4 

9 

1.94 

0.266 

1.8 

1.8 

10 

3 

{6 

0.96 

0.131 

1.0 

1.3 

n 

1.52 

0.208 

1.1 

1.6 

13 

2.10 

0.368 

1.4 

1.9 

13 

1. 

49 

17 

.78 

394 

0.87 

8.161 

1.6 

2.2 

14 

1.09 

0.202 

1.9 

2.3 

18 

' 

► 

1.53 

0.384 

2.0 

2.6 

16 

463 

1.53 

0.284 

1.6 

2.6 

17 

462 

0.99 

0.183 

1.4 

2.0 

18 

3. 

26 

10 

.29 

1 

18 

0.62 

0.103 

1.8 

.0.9 

19 

0.90 

0.151 

1.5 

1.1 

30 

1.23 

0.204 

1.9 

1.5 

31 

1.75 

0.294 

1.9 

1.8 

33 

364 

1.75 

0.294 

1.4 

33 

264 

t.OO 

0.168 

0.8 

0.8 

34 

138 

1.00 

0.168 

2.0 

1.0 

88 

■  * 

• 

136 

0.67 

0.112 

1.9 

0.8 

63  ASRP-2391 


410 


CONFIDENTIAL 


ASD-TDR-63-665,  Part  I 


TABLE  34 
SERIES  E 


Run 

[_ 

V 

h. 

_1 

1 

1.6 

i7 

7.: 

76 

II 

Q 

0.116 

1.7 

0.1 

2 

0.157 

2.0 

0.1 

3 

0.237 

2.0 

0.1 

4 

0.330 

2.3 

0.3 

S 

0.392 

2.7 

0.4 

6 

160 

0.091 

- 

0.1 

7 

160 

0.162 

1.5 

0.2 

a 

18. 

38 

469 

0.029 

2.0 

1.2 

9 

1 

469 

0.316 

2.5 

1.3 

10 

1 

264 

0.14B 

1.5 

0.6 

11 

13. 

85 

0.206 

2.0 

0.6 

12 

f 

0.288 

2.5 

0.6 

13 

359 

0.288 

1.8 

0.7 

14 

0.192 

1.5 

0.9 

IS 

i 

' 

0.140 

1.5 

0.9 

16 

10 

.18 

135 

O’.  124 

2.5 

0.2 

17 

1 

0.184 

2.0 

0.3 

18 

0.256 

2.0 

0.4 

19 

236 

0.162 

1.3 

0.5 

20 

0.242 

1.5 

0.4 

21 

\ 

0.352 

1.5 

0.5 

22 

359 

0.440 

1.0 

0.6 

23 

1 

0.250 

0.7 

0.8 

24 

r 

1 

0.343 

1.0 

0.7 

25 

2 

.27 

S 

1.51 

102 

0.140 

1.8 

0.4 

26 

1 

0.198 

2.2 

0.5 

27 

1 

0.319 

3.0 

1.5 

26 

160 

0.325 

2.0 

0.6 

29 

■- 

' ' 

160 

0.161 

1.3 

0.4 
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TABLE  35 
SEMES  r 


t!l 

0.62 

0.057 

2.0 

0.3 

0.85 

0.079 

2.1 

0.4 

1.18 

0.109 

2.3 

0.5 

1.50 

0.139 

2.5 

0.5 

1.50 

0.139 

1.3 

0.4 

1.18 

0.109 

1.5 

0.4 

0.91 

0.085 

0.6 

0.4 

1.18 

0.109 

0.8 

0.5 

1.53 

0.142 

0.9 

0.5 

1.85 

0.172 

1.1 

0.6 

0.67 

0.085 

1.4 

0.4 

0.96 

0.120 

1.4 

0.6 

1.41 

0.178 

1.6 

0.7 

1.76 

0.221 

1.8 

0.9 

1.76 

0.221 

1.1 

0.8 

1.39 

0.175 

1.0 

0.7 

1.00 

0.123 

1.0 

0.6 

1.02 

0.126 

0.6 

0.5 

1.38 

0.169 

0.8 

0.7 

1.93 

0.238 

0.9 

0.8 

0.77 

0.125 

1.8 

0.7 

1.00 

0.164 

1.9 

0.8 

1.47 

0.240 

2.0 

1.1 

1.92 

0.314 

2.0 

1.3 

1.92 

0.314 

1.6 

1.4 

1.25 

0.205 

1.6 

0.9 

0.97 

0.152 

1.5 

0.7 

0.80 

0.131 

0.9 

0.8 

1.02 

0.166 

1.3 

0.7 

1.48 

0.243 

1.4 

1.1 

2.00 

0.327 

.1.4 

1.3 

2.00 

0.327 

1.1 

1.4 

1.27 

0.207 

1.1 

1.0 

0.90 

0.147 

1.0 

1.3 

1.09 

0.232 

1.8 

1.6 

1.35 

0.266 

1.9 

1.7 
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TABLE  35  (Gont'd.) 


Run 

V 

_ 8 

JLdl 

T 

37 

1.47  15.' 

4 

469 

1.60 

0.335 

2.1 

1.7 

38 

1.47  15. 

4 

469 

1.88 

0.395 

2.1 

2.0 

39 

2.31 

0  9. 

60 

26 

4 

0.57 

0.119 

1.8 

0.7 

40 

0.82 

0,173 

1.8 

1.1 

41 

1.11 

0.232 

1.9 

1.2 

42 

1.55 

0.326 

1.9 

1.4 

43 

32 

6 

1.55 

0.326 

1.6 

1.5 

44 

1.12 

0.235 

1.5 

1.3 

45 

0.80 

0.167 

1.4 

1.2 

46 

0.59 

0.125 

1.4 

0.7 

47 

394 

0.59 

0.125 

1.1 

0.5 

46 

1.22 

0.255 

1.4 

1.4 

49 

1 

1.55 

0.326 

1.5 

1.5 

50 

450 

1.55 

0.326 

1.4 

1.5 

51 

454 

1.23 

0.258 

1.1 

1.3 

52 

469 

0.86 

0.181 

1.0 

1.0 

53 

469 

0.66 

0.142 

0.9 

0.9 

54 

11 

.7 

3 

94 

0.50 

0.127 

1.8 

1.3 

55 

11 

.6 

1.00 

0.248 

1.6 

1.2 

56 

1.25 

0.311 

1.9 

1.5 

57 

1.72 

0.438 

2.1 

1.7 

58 

454 

1.72 

0.436 

1.8 

1.8 

59 

454 

1.00 

0.254 

1.5 

1.4 

60 

469 

0,69 

0.175 

1.5 

0.8 

61 

6.80 

117 

0.55 

0.076 

1.0 

0.2 

62 

63 

64 

65 

66 
6/ 

68 

69 

70 
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160 


209 


0.60 

0.113 

1.4 

0.4 

1.20 

0.170 

1.6 

0.5 

2.00 

0.283 

2.0 

0.6 

2.00 

0.283 

1.5 

0.6 

1.40 

0.198 

1.1 

0.5 

1.00 

0.142 

0.9 

0.3 

1.00 

0.142 

0.6 

0.3 

1.50 

0.212 

1.0 

0.4 

2.00 

0.283 

1.3 

0.5 
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TABLE  36 

SERIES  g 


Run 


V 

s 


ap. 


1  1.37 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18  1.47 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28  2.90 

29 

30 

31 

32 

33 

34 

35 

36 

37 


7.92 

I 

7.64 

7.66 

7.66 

7.70 


7.71 


10.2 


8.41 


81.5 

0.71 

0.069 

2.0 

0.5 

1.03 

0.099 

2.1 

0.7 

1.31 

0.126 

2.3 

0.8 

1.74 

0.168 

2.5 

0.8 

2.00 

0.193 

2.5 

0.8 

117 

0.74 

0.071 

1.0 

0.5 

1.00 

0.96 

1.1 

0.6 

1.31 

0.127 

1.3 

0.7 

1.69 

0.162 

1.4 

0.7 

2.00 

0.193 

1.8 

0.9 

160 

2.00 

0.193 

1.1 

0.8 

1.54 

0.149 

1.0 

0.7 

1.00 

0.096 

0,6 

0.5 

2C 

19 

1.03 

0.099 

0.4 

0.5 

1.46 

0.140 

0.5 

0.6 

1.86 

0.179 

0.8 

0.6 

2.11 

0.204 

0.9 

0.6 

394 

0.60 

0.082 

1.8 

1.3 

1 

1.90 

0.123 

1.9 

1.6 

1,24  0.170  2.0  2.0 
1.48  0.203  2.3  2.1 
2.10  0.288  2.3  2.2 


469  2.00  0.274  2.0  2.2 


1.48 

0.203 

1.8 

2.1 

1.00 

0.137 

1.6 

1.8 

0.74 

0.101 

1.5 

1,5 

0.58 

0.079 

1.5 

1.4 

209 

0.44 

0.064 

1.8 

0.5 

0.02 

0.119 

1.9 

1.1 

1.20 

0.174 

2.0 

2.6 

1.64 

0.238 

2.0 

1.7 

264 

1.66 

0.241 

1.6 

1.6 

1.20 

0.174 

1.5 

1.3 

0.80 

0.116 

1.3 

0.9 

0.60 

0.087 

1.1 

0.8 

326 

0.80 

0.116 

1.0 

0.8 

1.04 

0.151 

1.1 

1.0 

414 
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h. 

_1 

1.50 

0.218 

1.3 

1.2 

2.00 

0.291 

1.4 

1.5 

0.51 

0.105 

1.6 

0.8 

0.73 

0.148 

1.8 

1.8 

1.00 

0.203 

2.^0 

2.2 

1.43 

0.291 

2.4 

2.2 

1.71 

0.349 

1.4 

2.4 

1.21 

0.247 

1.5 

2.1 

0.66 

0.174 

1.4 

1.6 

0.57 

0.116 

1.4 

0.9 

0.77 

0.077 

1.4 

0.8 

1.00 

0.100 

1.5 

0.8 

1.29 

0.129 

1.6 

0.9 

1.57 

0.157 

1.6 

1.0 

2.00 

0.200 

1.6 

1.0 

2.00 

0.200 

2.3 

0.8 

1.51 

0.152 

l.S 

0.5 

1.14 

0.114 

1.5 

0.4 

0.60 

0.085 

1.5 

1.3 

1.00 

0.143 

1.6 

1.6 

1.44 

0.205 

1.9 

2.0 

2.00 

0.265 

2.1 

2.2 

2.00 

0.285 

1.6 

2.0 

1.40 

0.200 

1.6 

1.7 

1.00 

0.143 

1.5 

1.7 

0.54 

0.077 

1.3 

1.2 

0.56 

0.080 

0.9 

1.0 

1.00 

0.143 

1.3 

1.4 

1.40 

0.200 

1.5 

1.5 

2.00 

0.285 

1.6 

1.7 

2.00 

0.285 

1.3 

1.8 

1.40 

0.200 

1.1 

1.5 

0.96 

0.137 

1.0 

1.3 

0.59 

0.117 

1.8 

1.9 

0.84 

0.168 

1.9 

2.6 

1.04 

0.208 

2.1 

2.7 

’.43 

0.285 

2.1 

2.8 
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TABLE  37 


Run 

Iv 

V 

s 

14 

AP- 

T 

1 

1,: 

17 

7.67 

160 

0.97 

0.093 

1.0 

0.8 

2 

1.37 

0.131 

1.1 

0.9 

3 

1.60 

0.153 

1.3 

0.9 

A 

2.00 

0.192 

1.4 

1.1 

S 

209 

2.00 

0,192 

0.9 

0.9 

6 

1.54 

0.148 

0.9 

0.8 

7 

1.29 

0.123 

0.8 

0.8 

S 

1.00 

0.096 

0.5 

0.5 

9 

117 

1.00 

0.096 

1.8 

0.7 

10 

i 

1.43 

0.137 

1.5 

0.8 

U 

1.74 

0.167 

1.5 

0.9 

12 

2.00 

0.192 

1.8 

0.9 

13 

1. 

39 

10. 

8 

21 

i4 

1.00 

0.137 

1.8 

1.3 

14 

1.30 

0.178 

1.5 

1.5 

15. 

1.54 

0.211 

1.6 

1.7 

16 

2.00 

0.273 

1.6 

1.9 

17 

3! 

!6 

2.00 

0.273 

1.5 

1.7 

18 

f 

326 

1,32 

0.160 

1.4 

1.4 

19 

1. 

45 

10, 

4 

326 

1.00 

0,137 

1.5 

1.2 

20 

394 

1.00 

0.137 

1.0 

1.1 

21 

1.44 

0.197 

1.3 

1.4 

22 

1 

i 

2.00 

0.273 

1.4 

1.7 

23 

469 

2.00 

0.273 

0.8 

1.7 

24 

1.50 

0.205 

0.6 

1.5 

25 

1.00 

0.137 

0.6 

1.1 

26 

1, 

.54 

13. 

,7 

1.79 

0.342 

1.9 

3.0 

27 

1 

1 

1.29 

0.246 

1.9 

2.3 

26 

1 

1 

1.00 

0.191 

1.9 

2.1 

29 

2. 

,31 

6. 

.35 

117 

1.92 

0.134 

1.8 

1.1 

30 

1 

1 

1.00 

0.134 

1.5 

I'.O 

31 

i 

1 

1 

0.51 

0.068 

1.3 

0.6 
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gun. 

1 

2 

3 

4 

6 

7 

5 
9 

10 

11 

12 

13 

14 

15 

16 
17 
le 

19 

20 
21 
22 

23 

24 

25 

26 
27 
2S 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

45 
47 

46 


417 
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2k 

JlL 

ISl 

2.0 

o.e 

247 

1.0 

0.7 

310 

0.8 

0.9 

178 

1.5 

0.6 

209 

2.0 

0.9 

279 

.  1.5 

0.9 

252 

2,0 

U2 

294 

'  2.0 

1.8 

359 

2.0 

2.6 

359 

1.5 

1.6 

294 

1.5 

1.2 

235 

1.5 

0.8 

294 

1.0 

0.8 

52 

0.6 

294 

2.0 

1.2 

326 

2.0 

1.4 

359 

2.0 

2.1 

394 

2.0 

2.1 

454 

2.0 

3.0 

454 

US 

1.8 

394 

1.5 

1.2 

359 

1.5 

1.1 

209 

2.0 

1.1 

235 

2.0 

1.2 
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TABLE  39 


SEMES  S-B 


Jis 

APf 

58 

2.0 

0.3 

0.013 

73 

2.0 

0.6 

0.055 

89 

2.0 

0.7 

0.085 

108 

2.0 

0.9 

0.110 

81 

1.6 

0.5 

0.019 

98 

1.6 

0.6 

0.053 

117 

1.6 

0.7 

0.074 

117 

1.0 

0.5 

0.009 

138 

1.0 

0.5 

0.026 

160 

1.0 

0.7 

0.056 

160 

0.8 

0.5 

0.016 

183 

0.8 

0.6 

0.028 

209 

0.8 

0.7 

0.049 

160 

2.0 

0.7 

0.012 

183 

2.0 

1.0 

0.047 

209 

2.0 

1.2 

0.088 

235 

2.0 

1.6 

0.143 

235 

1.5 

1.1 

O'.  052 

209 

1.5 

0.7 

0.017 

183 

1.5 

0.6 

- 

160 

1.6 

0.4 

- 

160 

1.0 

0.4 

- 

183 

1.0 

0.5 

- 

209 

1.0 

0.6 

- 

236 

1.0 

0.7 

0.012 

264 

1.0 

0.7 

0.016 

294 

1.0 

0.6 

0.023 

325 

1.0 

1.0 

0.027 

394 

1.0 

1.1 

0.085 

469 

1.0 

1.6 

0,143 

326 

1.5 

1.7 

0.143 

279 

1.6 

1.9 

0.099. 

394 

1.5 

1.9 

0.248 

264 

2.0 

1.7 

0.16S 

294 

2.0 

2.1 

0.248 

209 

2.0 

0.6 

0.010 

249 

2.0 

1.3 

0.018 

279 

2.0 

1.5 

0.041 

310 

2.0 

1.4 

0.062 

342 

2.0 

1.6 

0.066 

377 

2.0 

2.1 

0.149 

412 

2.0 

2.6 

0.228 

423 

1.5 

1.7 

0,080 
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TABLE  3S  (Cont'd) 

SERIES  S-B 


Run 

V 

N 

iL. 

44 

1.45 

14.! 

S 

394 

1.5 

1.4 

0.054 

4S 

1.45 

14. 

s 

377 

1.5 

1.1 

0.039 

46 

a. 32 

9. 

07 

0 

- 

0.2 

- 

47 

183 

2.0 

0.8 

0.021 

48 

209 

2.0 

1.1 

0.062 

49 

23S 

2.0 

1.5 

0.102 

SO 

264 

2.0 

1.8 

0,179 

SI 

294 

2.0 

2.1 

0..27S 

52 

294 

l.S 

1.6 

0.12S 

S3 

4^ 

264 

l.S 

1.3 

0.056 

S4 

9.04 

235 

1.5 

0.9 

0.035 

ss 

209 

1.5 

0.7 

0.021 

S6 

23S 

1.0 

0.7 

0.015 

S7 

264 

1.0 

1.0 

0.032 

S8 

294 

1.0 

1.0 

0.035 

S9 

326 

1.0 

1.3 

0.064 

60 

3S9 

1.0 

1.5 

0.088 

61 

394 

1.0 

1.6 

0.114 

62 

431 

1.0 

1.8 

0.142 

63 

394 

1.5 

2.1 

0.305 

64 

I 

359 

1.5 

2.0 

0.204 

65 

L 

> 

r 

326 

l.S 

1.0 

0.182 

66 

2. 

38 

11. 

1 

326 

2.0 

1.1 

0.016 

67 

359 

2.0 

1.2 

0.028 

68 

394 

2.0 

1.9 

0.085 

69 

450 

2.0 

3.0 

0,264 

70 

326 

l.S 

0.9 

0.015 

71 

N 

> 

359 

l.S 

0.9 

0.016 

72 

2. 

32 

6. 

4S 

84 

2.0 

0.5 

0.060 

73 

98 

2.0 

0.7 

0.088 

74 

117 

2.0 

0.9 

0.148 

75 

138 

2.0 

1.1 

0.236 

76 

81 

1.5 

0.3 

0.027 

77 

98 

l.S 

0.6 

0.057 

78 

117 

1.5 

0,8 

0.082 

79 

138 

1.5 

0.9 

0.122 

60 

160 

1.5 

1.0 

0.173 

81 

183 

1.5 

1.2 

0.284 

82 

235 

1.0 

1.1 

0.284 

83 

209 

1.0 

1.0 

0.187 

84 

183 

1.0 

0.9 

0.097 

85 

160 

1.0 

0.7 

0.054 

66 

138 

1.0 

0.5 

0.028 

87 

▼ 

117 

1.0 

0.4 

0.011 
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TABLE  40 

SCHltS  8-C 


A 

49 

1.1 

200 

1.6 

1.4 

225 

1.6 

1.4 

2S3 

I.S 

1.5 

28] 

1.3 

1.4 

312 

1.0 

1.5 

377 

0.8 

1.4 

377 

1.5 

2.7 

344 

1.8 

2.2 

312 

2.0 

2.2 

412 

1.4 

2.3 

412 

1.6 

2.8 

377 

1.8 

2.6 

344 

2.1 

2.8 

312 

2.2 

2.7 

344 

2.4 

3.4 

377 

2.1 

3.4 

412 

1.8 

3.4 

412 

2.0 

3.5 

449 

1.8 

3.4 

377 

2.4 

4.1 

49 

- 

0.5 

112 

2,5 

1.2 

153 

1.8 

1.2 

200 

1.5 

1.2 

225 

1.3 

1.3 

253 

1.1 

1.3 

281 

1.0 

1.3 

175 

2.4 

1.8 

200 

2.0 

1.7 

225 

1.8 

1.8 

2S3 

1.6 

1.8 

201 

1.3 

1.8 

•. 

I.l 

1.7 

200 

2.4 

2.2 

225 

2.1 

2.2 

253 

1.8 

2.2 

281 

1.5 

2.1 

312 

1.3 

2.2 

344 

1.3 

2.2 

377 

1.0 

2.1 

225 

2.3 

2.6 

281 

1.8 

2.5 

312 

1.5 

2.5 

377 

1 .3 

2.2 

253 

2.4 

2.8 

312 

1.6 

2.7 

377 

1.4 

2.3 

449 

1.1 

- 

281 

2.0 

3.1 

344 

i.e 

2.9 

377 

1.5 

2.8 

449 

1.3 

- 

49 

- 

0.3 

421 
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TABLE  42  (g©nt'd.) 

SPR1H,8-B, 


Hun 

tx. 

'5. 

% 

Jll 

4S 

2.71 

6.46 

78 

1.9 

0.9 

46 

94 

l.S 

1.0 

47 

112 

1.3 

1.1 

48 

132 

1.1 

1.1 

49 

183 

1..0 

1.2 

SO 

132 

l.B 

l.t 

$1 

183 

1.8 

1.6 

S2 

178 

1.3 

1.6 

S3 

200 

1.0 

1.6 

S4 

9.$0 

17S 

1.9 

1.6 

S6 

200 

1.6 

1.6 

S6 

228 

1.6 

1.9 

87 

283 

1.4 

2.0 

S6 

281 

1.3 

2.1 

89 

312 

1.1 

2.2 

60 

200 

2.1 

2.6 

61 

62 

228 

283 

1.6 

>1 

1.1 

2.4 

2.3 

63 

281 

1.4 

2.3 

64 

312 

1.3 

3.4 

68 

4 

] 

344 

1.1 

3.5 

66 

3. 

74 

4. 

68 

49 

l.B 

0.7 

67 

1 

64 

1.8 

0.7 

68 

78 

1.3 

0.7 

69 

94 

1.0 

0.3 

70 

112 

1.1 

0.9 

71 

183 

O.B 

1.0 

72 

64 

1.9 

0,9 

73 

78 

1.5 

0.1 

74 

94 

1.3 

1.0 

78 

112 

1.1 

1.0 

76 

132 

1.0 

1.1 

77 

183 

0.8 

1.3 

78 

178 

0.6 

1.1 

79 

94 

2.3 

1.7 

80 

112 

1.6 

1.3 

81 

132 

1.8 

1.4 

82 

183 

1.3 

1.6 

63 

’  r 

178 

1.0 

1.4 

84 

3.73 

7 

Ml 

183 

2.3 

3.0 

86 

176 

1.8 

3.0 

88 

200 

1.6 

3.0 

17 

228 

1.4 

3.0 

81 

283 

1.3 

3.1 

89 

261 

l.l 

3.1 

426 


■51 


0.144 


0.240 


0.1S2 


♦ 

0.243 


y 

o.oto 


♦ 

0.121 


y 

0.837 
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■SEMES  S-F 
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TABLE  44 
SERIES  M-A 


Bua 

py  . 

PL 

Nfl 

k. 

Vb. 

5: 

lyv 

1 

1.65 

88.6 

386 

1.9 

14.7 

0.133 

0.74 

2.3 

2 

1.69 

88.7 

386 

2.1 

14.4 

0.179 

1.00 

2.6 

3 

1.69 

88.7 

386 

2.3 

14.4 

0.206 

1.15 

2.7 

4 

1.72 

88.4 

459 

1.8 

14.2 

0.207 

1.15 

2.9 

S 

1.72 

88.4 

459 

1.8 

14.2 

0.179 

1.00 

2.9 

6 

1.70 

88.4 

459 

1.6 

14.3 

0.132 

0.74 

2.5 

7 

1.54 

88.8 

288 

1. 

12.1 

0.068 

0.50 

1.2 

8 

1.58 

88.9 

288 

1.6 

11.8 

0.137 

1.0 

1.7 

9 

1.57 

88.8 

288 

1.8 

11.9 

0.206 

1.5 

1.9 

10 

1.57 

89.2 

319 

1.4 

11.9 

0.137 

1.0 

1.7 

11 

1.57 

89.2 

352 

1.3 

11.9 

0.137 

1.0 

1.8 

12 

1.57 

89.2 

386 

1.3 

U.9 

0.137 

1.0 

1.8 

13 

1.57 

89.2 

459 

1.1 

11.9 

0.137 

1.0 

1.8 

14 

1.57 

89.0 

258 

1.8 

11.9 

0.137 

1.0 

1.6 

15 

1.57 

89.0 

231 

2.0 

11.9  , 

0.137 

1.0 

1.4 

16 

1.42 

89.3 

51 

1.6 

7.85 

0.081 

1.0 

0.6 

17 

1.42 

89.2 

96 

1.3 

7.84 

0.082 

1.0 

0.6 

18 

1.42 

89.2 

115 

1.1 

7.85 

0.082 

1.0 

0.6 

19 

1.42 

89.2 

156 

1.0 

7.85 

0.082 

1.0 

0.8 
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TABLE  45 

.9r8TP..9  M-B 

— 

®v 

N 

Hi 

7* 

s 

2l_  ui 

z 

mv 

(HTV)^  6P.f 

1 

JL. 

4.5 

1.9 

86.2 

65 

1.2 

5.32 

0.083  1.0 

0.843 

1.843  0.5 

2 

4.5 

1.9 

86.0 

39 

1.5 

S.32 

0.083  1.0 

0.911 

2.428  0.4 

3 

5.1 

2.2 

85. S 

319 

1.6 

11.6 

0.199  1.0 

0.575 

0.866  2.2 

4 

S.  1 

2.2 

SS.  1 

366 

1.4 

11.6 

0.200  1.0 

0.517 

0.728  2.2 

$ 

5.1 

2.2 

85.3 

258 

2.0 

11.7 

0.199  1.0 

0.700 

1.208  2.0 

6 

S.  1 

2.2 

85.4 

96 

2.0 

8. IS 

0.141  1.0 

0.804 

1.63  0.9 

7 

5.0 

2.2 

85.4 

141 

1.6 

8.  IS 

0.140  1.0 

0.820 

1.716  1.0 

6 

5.1 

2.2 

85.5 

422 

2.0 

13.7 

0.228  l.O 

0.673 

1.118  2.8 

9 

7.8 

3.3 

80.7 

231 

2.0 

8.91 

0.241  1.0 

0.637 

1.014  1.7 

10 

7.8 

3.3 

80.7 

386 

1.5 

9.01 

0.243  1.0 

0.337 

0.411  1.0 

U 

6.4 

2.8 

83.2 

44 

1.7 

5.21 

0.113  l.L' 

0.686  1.161  0.3 

\2 

6.5 

2.8 

83.0 

131 

1.7 

7.93 

0.175  1.0 

0.673  1.114  1.0 

13 

6.5 

2.8 

83.0 

100 

2.2 

7.93 

0.174  l.O 

0.706  1.226  0.9 

14 

6.6 

2.8 

83.0 

361 

2.1 

11.8 

0.259  1.0 

0.483  0.669  2.0 

TABLE  46 

SEMIS  M-C 

« 

Oy 

N 

g 

a 

w 

E  (NTU)„ 

mv _ a. 

— 

1 

5.08 

2.22 

85.4 

51 

0.9 

4.31 

0.113 

1.0  1 

0.24S  0.281 

2 

5.08 

2.21 

85.2 

36 

1.8 

4.25 

0.114 

1.0 

0.402  0.515 

3 

5.20 

2.26 

85.3 

155 

1.9 

7.47 

0.199 

l.O 

0.376  0.472 

4 

5.03 

2.20 

85.3 

199 

1.5 

7.78 

0.200 

1.0 

0.309  0.369 

5 

5.05 

2.20 

8.5.3 

253 

1.0 

7,76 

0.201 

1.0 

0.277  0.325 

e 

5.08 

2.22 

85.5 

344 

2.0 

11.2 

0.287 

1.0 

0.301  0.358 

7 

5.08 

2.23 

85.6 

412 

1.5 

11.3 

0.286 

l.O 

0.263  0.305 

fl 

0.51 

2.70 

82.0 

7  1 

2.0 

5.21 

0.174 

l.O 

0.425  0.553 

f, .  f.b 

2.H‘. 

02.0 

281 

1.8 

8.52 

0.288 

1  .n 

0.408  0,524 
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SERIES  M-D 


Run 

— 

o,, 

Of 

N 

X 

V 

& 

X 

l/\l 

E 

mv 

(NTU)g 

A  P.J. 

I- 

_ ^ 

— 9. 

1 

5.09 

2.20 

85.2 

156 

2.0 

9  85 

0.166 

1.0 

0.706 

1.227 

1.48 

2 

5.10 

2.20 

85.2 

204 

1.5 

9.91 

0.168 

1.0 

0.632 

1.000 

1.45 

3 

5.00 

2.17 

85.2 

459 

1.3 

12.6 

0.210 

1.0 

0.533 

0.762 

2,35 

4 

5.01 

2.17 

85.3 

386 

1.6 

12.8 

0.211 

1.0 

0.580 

0.869 

2.20 

5 

5.10 

2.21 

85.2 

306 

1.8 

12.5 

0.210 

1.0 

0.581 

0.871 

2.15 

6 

5.06 

2.19 

85.2 

259 

1.3 

9.96 

0.167 

1.0 

0.673 

1.118 

1.44 

7 

5. 05 

2.19 

85.3 

80 

1.8 

7.29 

0.124 

1.0 

0.815 

1.688 

0.70 

a 

5.06 

2.19 

85.2 

135 

1.3 

7.50 

0.131 

1.0 

0.748 

1.378 

0.83 

9 

7.12 

3.01 

81.7 

180 

1.3 

7.34 

0.176 

1.0 

0.738 

1.343 

1.16 

10 

7.07 

2.98 

81.8 

123 

1.9 

7.49 

0.178 

1.0 

0.772 

1,482 

1.09 

11 

6.10 

2.61 

83.3 

93 

1.9 

6.83 

0.143 

1.0 

0.846 

1.877 

0.78 

12 

6.10 

2.61 

83.3 

121 

1.3 

6.89 

0.146 

1.0 

0.921 

2.545 

0.85 

13 

6.03 

2.57 

83.5 

369 

1.8 

12.3 

0.245 

1.0 

0.551 

0.801 

2.49 

14 

6.03 

2.56 

83.1 

204 

1.9 

9.86 

0.201 

1.0 

0.630 

0.995 

1.75 

IS 

6.07 

2.57 

83.1 

288 

1.5 

9.82 

0,200 

1.0 

0.576 

0.858 

1.84 

16 

5.97 

2,53 

83.3 

386 

1.3 

10. 0 

0.204 

1.0 

0.467 

0.629 

1.85 

17 

7.12 

3.00 

81.4 

288 

1.8 

10.2 

0.248 

1.0 

0.550 

1.049 

2.09 

18 

7.12 

3.00 

81.4 

319 

1.6 

10.2 

0.248 

1 .0 

- 

- 

2.18 

431 
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TABLE  48 

SERIES  M-C 

K  - 

Bus. 

P 

ii- 

JiL 

1 

3.00 

3.16 

83.0 

173 

1.9 

a 

3.06 

a. 18 

83.0 

223 

1.6 

3 

5.03 

3.19 

63.2 

200 

1.9 

4 

3.03 

2.19 

83.2 

233 

1.3 

5 

3.03 

2.20 

83. 3 

282 

1.3 

6 

3. 06 

2.19 

83.1 

223 

1.8 

7 

3.06 

2.19 

83.1 

313 

1.9 

8 

3.03 

2.16 

63.1 

381 

1.6 

9 

3.03 

2.16 

83.1 

449 

1.4 

10 

3.03 

3.18 

83.3 

91 

1.8 

u 

6.06 

a.ao 

64.6 

112 

1.4 

la 

3.10 

2.19 

64.3 

121 

1.8 

13 

• 

a. as 

33.4 

131 

1.4 

14 

• 

a. as 

63.4 

174 

1.3 

iS 

- 

a. as 

63.4 

198 

1.1 

16 

a. as 

65.4 

231 

1.0 

17 

2.39 

83.3 

168 

1.6 

11 

a. 39 

63.3 

231 

1.4 

19 

3.36 

33.3 

310 

1.1 

30 

• 

a. 39 

83.3 

198 

2.1 

31 

• 

a. 39 

63.3 

231 

1.6 

31 

• 

a. 39 

63.3 

279 

1.3 

33 

• 

a.39 

63.3 

310 

1.4 

34 

• 

3.39 

63.3 

373 

1.1 

3S 

• 

3.39 

63.3 

375 

1.4 

38 

• 

2.39 

83.3 

310 

1.6 

37 

• 

3.69 

83.3 

251 

1.9 

39 

• 

3.39 

63.7 

231 

1.1 

39 

• 

2.39 

83.7 

224 

1.3 

30 

2.39 

83.7 

198 

1.3 

31 

3.39 

83,7 

174 

1.3 

33 

2.39 

63.7 

132 

1.6 

33 

2.39 

83.7 

131 

1.8 

34 

• 

2.39 

63.7 

131 

1.3 

33 

2.39 

63.7 

112 

i.e 

33 

. 

3.39 

83.7 

94 

1.8 

37 

• 

3.39 

83.7 

198 

0.8 

36 

3.39 

63.7 

78 

1.6 

39 

. 

2.39 

83.7 

63 

l.H 

40 

. 

2.69 

83.7 

49 

1.9 

V, 

L/V 

10.7 

0.173 

1,4)  0-,332.  . 

iL.i39. 

1.31  . 

10.6 

0.173 

1.0  0.513 

0,724 

1.32 

10.3 

0,173 

1.0  0.748 

1.379 

1.30 

10.5 

0.173 

1.0 

- 

1,39 

10.8 

0.173 

1.0  0,474 

0.643 

1.44 

10. S 

0.269 

1.63  0.84S 

- 

1.63 

13.2 

0.218 

1.0  0.309 

0.713 

2.22 

13.1 

0.213 

1.0  0.461 

0.618 

2.04 

13.1 

-0.213 

1.0 

- 

1,80 

7.76 

0.123 

1.0  0.843 

1.032 

0.83 

7.87 

0.132 

1,0  0.832 

1.036 

0.68 

7.77 

0.212 

1.76 

1.08 

7.82 

0.214 

I.S7  - 

■ 

0.93 

7,82 

0.214 

1.6? 

- 

0.91 

7.82 

0.214 

1.67 

- 

1.0 

7.82 

0.214 

1.67 

- 

1.1 

10.4 

0.104 

0.61 

- 

1.0 

10.4  ‘ 

0.104 

0.31 

• 

1.04 

10.4 

0.104 

0.31 

• 

1.03 

10.4 

0.204 

1.0 

• 

1.40 

10.4 

0.204 

l.O 

• 

1.49 

10.4 

0.204 

1.0 

• 

1.34 

10.4 

0.204 

1,0 

• 

1.31 

10.4 

0.204 

l.O 

• 

1.13 

10.4 

0.313 

1.56 

• 

1.10 

10.4 

0.316 

1.58 

• 

1.98 

7.50 

0.313 

1.53 

• 

1.99 

7.50 

0.233 

1.59 

- 

1.19 

7.50 

0,233 

1.59 

• 

1.13 

7.50 

0.333 

1.59 

- 

1.10 

7.50 

0.233 

1.39 

- 

l.Ol 

7,50 

0,233 

1,59 

- 

1,03 

7.50 

0.233 

1.59 

- 

0.98 

7.50 

0.147 

1.0 

- 

0.73 

7.50 

0,147 

l.O 

- 

'  0.83 

7.50 

0.147 

l.O 

0.67 

7.50 

0.147 

l.O 

0.85 

7.50 

0.074 

0.30 

- 

0.40 

7.50 

0.074 

0,50 

• 

0.35 

7.50 

0.074 

0.50 

- 

0.33 

49 


SERIES  M-r 


V, 

■57 

T/V  ^mv 

(NTU)g 

Htog 

Run 

_E_ 

*•  V 

■"  L 

-  J 

_L 

— 

“ 

MM 

1 

5.  15 

2.24 

84.2 

17  3 

1.25 

6.3 

0. 170 

1  0.244 

0.280 

S.43 

2 

5.20 

2.27 

84.1 

372 

1.25 

8.0 

0.2i7 

1  0.242 

0.277 

S.43 
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CIRCUMFERENTIAL  TRAY  DATA 


TABLE  50 
HYDRAULIC  DATA 


Run 

Palo 

(ib./lt.^) 

3 

'4 

(ft. /BBC.) 

Ol 

b 

'’f 

‘  oba 

tLs^ 

1.2 

38 

.94 

84.0 

6.58 

.0237 

34.0 

0.6 

1.3 

38 

.94 

84.0 

6.70 

.0200 

29.0 

0.9 

2.2 

37 

.94 

84.0 

6.53 

.0242 
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APPENDIX  V 

CIRCUMFERENTIAL  TRAY  UCQM  FLUID  TEST  ROTOR 


1 .  Intrcxluction 

Since  the  UCON  fluid  mass  transfer  test  rotor,  constructed 
under  Contract  AF  33(61 6)-7646,  permitted  only  tests  of 
segmental  tray  sections,  it  was  necessary  to  fabricate  a  new 
test  rotor  capable  of  receiving  complete  circumferential  trays 
and  suitable  for  installation  in  the  existing  tester  casing. 
Frlmary  purpose  of  the  rotor  was  to  obtain  comparative  results 
on  hydraulic  behavior  of  complete  circumferential  trays  and 
to  examine  the  possibility  of  liquid  maldistribution  on  trays 
and  the  resulting  mechanical  effects  due  to  rotor  unbalance. 

2.  Rotor  Design 

Design  of  the  circumferential  tray  rotor  was  approached 
with  a  dual  goal:  (1)  to  arrive  at  the  most  suitable  test  rotor 
from  a  functional  and  mechanical  point  of  view,  and  (2)  to 
simulate,  if  possible  fabrication  techniques  which  would  be 
later  encountered  in  the  fabrication  of  trays  for  the  100  lb. /sec. 
boilerplate  separator. 


As  seen  in  Figure  200,  the  test  rotor  consists  basically 
of  a  radial  chamber  housing  four  concentric  trays.  The  tray 
chamber  was  designed  to  give  a  constant  radial  superficial 
vapor  velocity.  Since  four  trays  were  used,  the  inner  face  of 
the  tray  chamber  walls  was  designed  with  four  different 
tapered  sections.  The  intersection  of  adjacent  tapered  sections 
fixes  the  location  for  the  trays . 

The  following  tray  ring  widths  with  their  respective  radial 
positions  specify  the  tray  chamber  configurations. 
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Trav  No.  Width  (In.)  Radliis  (in.) 


1 

2-1/2 

9.25 

2 

2-1/32 

11.25 

3 

1-23/32 

13.25 

4 

1-1/2 

15.25 

To  ease  installation  and  removal  of  different  tray  configu¬ 
rations,  trays  are  fixed  to  rings  which  are  inserted  into  grooves  in 
the  rotor  walls  and  held  in  place  by  a  number  of  J-bolts.  Test 
fluids  (liquid  and  vapor)  are  introduced  into  the  hollow  front  shaft. 
A  center  tube  located  within  the  shaft  and  manifolded  to  radial 
channels  in  the  hub  carries  the  liquid  to  an  annular  chamber  on 
the  outer  surface  of  the  hub.  From  here  the  liquid  is  transferred 
to  the  inlet  weirs  of  tray  No.  1  by  header  tubes. 

Each  header  tube  discharges  into  two  downcomer  tubes 
through  1/8  inch  orifices. 

The  annular  space  between  the  liquid  channel  and  the 
shaft  I.D.  guides  the  vapor  to  a  second  set  of  radial  holes  in 
the  hub  leading  to  a  radial  chamber  on  the  outside  of  the  rotor 
wall.  The  vapor  is  introduced  to  the  outer  periphery  of  the  tray 
chamber  through  annular  ports  In  the  chamber  wall. 

Liquid  is  discharged  at  the  rotor  periphery  through  radial 
tubes.  Vapor  is  discharged  at  the  drive  end  of  the  shaft. 

3.  Tray  Ring  Design  and  FabricaLlon 

Figure  201  shows  a  circumferential  tray  ring  assembly 
of  the  UCON  tester.  As  evident  from  this  picture  the  tray  rings 
consist  of  a  circumferential  perforated  strip  representing  the 
active  tray  area  with  a  number  of  inlet  weirs  and  downcomer 
troughs  equally  spaced  around  its  periphery.  The  sides  of  the 
strip  are  inserted  into  the  annular  grooves  of  the  edge  rings  as 
shown.  Downcomer  tubes  transfer  liquid  from  the  downcomer 
trough  of  one  Liay  Lo  Ihe  inlet  weir  of  an  adjacent  tray. 

The  downcomer  troughs  with  the  downcomer  tubes  and 
the  inlet  weirs  were  fabricated  as  individual  components.  The 
preformed  components  were  then  positioned  on  the  tray  strip  as 
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shown  on  Figure  202  and  permanently  attached  in  a  furnace 
brazing  operation.  For  an  all  aluminum  construetlon,  the 
downcomers  and  inlet  weirs  were  folded  from  Alcoa  No.  11 
brazing  sheet  (3003  aluminum  clad  with  4303  aluminum)  and 
the  perforated  tray  material  was  specified  as  3003  aluminum. 

This  material  combination  made  the  tray  ring  assembly  furnace 
brazeable  at  a  temperature  range  from  1120-1140“F.  Because 
of  the  lightweight  construction  of  the  tray  ring  assembly,  no 
difficulty  was  encountered  in  bringing  it  to  brazing  temperatures, 
nor  was  a  great  deal  of  flxturing  required  even  through  the 
strength  of  aluminum  is  considerably  reduced  at  these  elevated 
temperatures.  The  assembly  to  be  brazed  was  introduced  into 
the  furnace  which  had  been  preheated  to  the  required  temperature. 
A  five -minute  heating  period  was  adequate  to  obtain  complete 
flow  of  the  clad  brazing  surface. 

Following  brazing  the  perforated  strip  downcomer  assembly 
was  inserted  into  the  grooves  of  the  edge  rings  (Figure  203)  and 
permanently  Joined  to  the  rings  in  a  furnace  soldering  operation 
using  cadmium  silver  solder  with  a  melting  range  of  640  to  740®F. 

To  effect  assembly  of  the  individual  tray  rings  in  the  tray 
chamber,  concentric  circumferential  grooves  were  machined  on 
the  inner  face  of  the  rotor  walls.  The  tray  rings  were  positioned 
in  the  grooves  on  one  side  wall  of  the  rotor  and  bolted  from  the 
inside.  After  relative  alignment  of  the  various  ring  trays,  the 
other  side  wall  was  "dropped"  into  position  to  form  the  tray 
chamber.  Fastening  of  the  tray  rings  to  the  blind  side  wall  was 
accomplished  from  the  outside  through  the  use  of  specially 
designed  J-bolts  sealed  on  the  outer  face  of  the  rotor  wall. 

The  areas  of  difficulty  in  the  design  and  fabrication  of 
the  circumferential  tray  rings  Included  flxturing  of  each  compo¬ 
nent  for  the  brazing  and  soldering  operation  and  the  cleaning 
procedure  after  brazing  and  soldering . 

In  the  first  area  of  difficulty,  a  single  tack  weld 
proved  Inadequate  to  position  the  downcomer  uniformly  on  the 
tray  strip.  Also,  Lie  wiies  used  to  position  the  inlet  weir  on  the 
tray  and  to  hold  the  solder  wire  in  position  resulted  in  local  hot 
spots  and  stress  risers  which  led  to  the  enlargement  of  the  tray 
perforations  in  the  vicinity  of  the  wires . 
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The  second  area  of  difficulty  arising  from  the  various  pieteling 
stages  for  the  prefabricated  and  finished  assembly  presented  a  more 
serious  problem.  Chemical  attack  enlarged  the  s-lae  of -perforations 
with  a  critical  resultant  increase  of  approximately  20  per  cent  in  the 
free  area  of  the  trays.  To  compensate  for  the  open  area  increase,  a 
small  portion  of  tray  area  was  blocked  off  along  the  edges. 

Although  during  the  fabrication  of  the  tray  rings  two  5  to  10 
minute  immersions  in  a  mild  phosphoric  acid  solution  (10  per  cent  H3 
PO4)  were  used,  one  before  brazing  and  one  before  the  soldering 
operation;  they  were  of  small  consequence  to  the  final  dimensions. 
The  final  pickling  in  a  nitric-hydrofluoric  solution  (14  per  cent 
HNO3,  3->4  per  cent  HF)  required  to  remove  the  soldering  flux  was 
most  detrimental.  The  last  pickling  operation  will  be  eliminated  in 
all  future  tray  fabrication. 

4.  Instrumentation  and  Visual  Observation. 

The  rotor  was  instrumented  with  three  0-50  psl  pressure 
transducers.  One  transducer  was  positioned  to  determine  individual 
tray  pressure  drop  across  Tray  No,  5;  the  second  transducer  was 
installed  to  pick  up  total  pressure  drop  across  the  four  trays;  and  the 
third  transducer  was  used  to  reference  the  tray  chamber  pressure  to 
casing  pressure. 

For  visual  observation  of  the  tray  performance,  four  plexl- 
glas  windows  spaced  90®  apart  were  provided  on  each  face  of  the 
rotor.  Strong  solvent  action  upon  the  plexlglas  windows  by  the 
UCON  21  test  fluid  during  initial  test  runs  required  a  material  sub¬ 
stitution.  An  adequate  substitution  was  found  in  a  clear  Polyester 
material  commercially  known  as  CR-34  plastic. 

5 .  Mechanical  Operation  of  Test  Rotor 

Mechanical  operation  of  the  test  rotor  was  satisfactory.  No 
severe  mechanical  vibrations  which  would  have  been  encountered  in 
case  of  maldistribution  of  liquid  on  trays,  were  observed  during 
extended  operation  of  the  unit. 
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APPENDIX  VI 


DERIVATION  OF  EQUATION  FOR  CALCULATION  OF 
CONDENSATE  DRAINAGE  BLANKETING 


The  velocity  of  flow  through  an  open  channel  of  any  cross 
section  can  be  expressed  by  the  Chezy  formula.  (Ref.  23,  p.  377) 


V  =  ^  (ft. /sec.) 


(57) 


The  coefficient  C2  equal  to  l/zg^/f  can  be  expressed  by  the 
Manning  formula  (Ref.  21, p.  383)  for  open  channels 


1.486  Ih  'tt 

n  n  I  m  . 

^2  “  n  ^  Ibj-  sec^^ 

Since  the  velocity  of  flow  can  be  expressed  as: 
W 


(58) 
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Rearranging  the  equation. 


1.486  p  ^  F 


1/2 


A  R. 


2/3 


H 


n  (L°) 


o^iTT 


W 


(59) 
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This  is  ah  expression  for  flow  of  condensate  drainage  along  the' Mttom 
of  the  tube  and  now  It  must  be  expressed  in  terms  of  the  eondensate 
blanketing  angle,  <|),  (See  Figure  53). 

The  cross-section  (A)  of  the  condensate  equals  the  area  of  the 
circular  sector  bounded  by  and  (j)  minus  the  area  of  the  triangle  abc. 

A=  [«r^^]  -[r^  sin  -^]  Jr^  cos 


6  2  2 
2  '"t  "  ""t 


d)  d) 

sin  ~  cos  ~ 


=  [  4  -  Sin  4  cos  4  ] 


The  hydraulic  radius  (Rjj)  is  defined  as  the  cross- 
section  area  over  the  wetted  perimeter  where  contact  with  the  wall  defines 
the  wetted  perimeter. 


•  p _ «_ 

•  *  H  w.p. 


r^^  [  C^/2  -  sin  (j)/2  cos  (j)/2  ] 


_  r^ 

^  [  (|)/2  -  sin  (|)/2  cos  (j)/2  ] 


Substituting  into  Equation  (59)  for  A  and  : 
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r  ®^^t(|)/2  -  sin  (tl/2  “s  W  n  (1.°) 

squaring  both  sides  of  the  equation  and  rearranging: 


1.486  p  P 


1/2 


1/2 


rl.486.^  2  ^ 


[  (j)/2  -  sin  (|)/  2  cos  (|)/2  ]  ^ 


=  (F/lO)  [^1  P,  ^2 


The  frictional  energy  loss  must  equal  the  change  in  potential 
energy  in  order  that  flow  may  occur: 


.  _F_  g  Ng 

'  '  L°  ~  g„ 


sin  o. 


(62) 


Since  V  is  the  complement  of  a  “ 


_I _ .£JNS_ 

IP  g^ 


cos  Y 


Letting  n  (smooth  tube)  =  0.011  (Ref.  23,  P.  384) 


((j))  = 


4/3 


[  (j)/2  -  sin  (|>/2  cos  (|)/2  ] 
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APPENDIX  VII 

DERIVATION  OF  CONDENSER  TUBE  EQUATION 


This  appendix  presents  the  derivation  of  the  equation 
describing  the  shape  of  the  tubes  in  the  reboiler-condenser. 
The  final  formula  was  previously  presented  as  equation  (43) 
in  Section  4.5  of  this  report. 

Referring  to  Figure  204, 

at  rp  d  ti  =  d  9i 

atr,dt  =  rd© 


Let  d©i  =  d©  since  tubes  are  assumed  to  be  In 
lateral  contact  everywhere  along  the  tube  lengths  or  curvature 
is  such  that  the  subtended  angles  of  the  radial  arcs  along  the 
tube  are  equal. 


Therefore: 


d  t 


r 


Since  the  subtended  radial  arcs  of  the  actual  tube  are 
small,  it  can  be  assumed  that  dt^  >0  tj[  and  dt  'v  t. 

Therefore:  IL  ^  1 

fi  r 

and  Ji. _ [1. 

t  ”  r 


Defining  y  as  the  angle  between  the  radius  vector  of 
the  rotor  and  the  axis  of  the  tube  and  assuming  the  length  t  is 
small  enough  such  that  the  radius  vector  is  perpendicular  to  it, 
therefore: 


and 


cos  y 


as  shown  in  Figure  204. 
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From  the  definition  of  the  differential  of  an  arc  in  polar 
coordinates, 


and 


til  dr 

coaf  =  17 


da  =  t 


d© 


1/2 


d  0 


since 

Therefore: 


r 


dr 

ds 


dr  =  [  r^  +  (■ 


dr 

d© 


or 


2  V2 

)  1  de 


(^)  l  C^)  ->1  = 

Since  the  angle  ©  is  normally  considered  to  be  positive 
in  a  counter-clockwise  direction,  the  final  differential  is: 


-  d  © 


r~2  2 

= -  '  d  r 


i 


Integration  of  this  differential  equation  results  in  the 
following  equation  for  a  single  tube  in  the  tube  disc  in  polar 
coordinates: 


©  =  arc  cos  v~) 


Af-)'-! 
1 


(64) 


63  ASRP-2391 


449 


CONFIDENTIAL 


ASD-TDR-63-66S>  Part  I 


APPENBEC  Via 

DESIGN  AND  FABRICATION  QF 
UPON  FLUID  HEAT  TRANSFER  TEST  ROTOR 


1.  Introduction 

In  order  to  test  the  functional  and  mechanical  concepts  for  the 
reboiler-condenser  heat  transfer  surfaces,  a  special  test  rotor  capable 
of  being  Installed  into  the  housing  of  the  existing  UCON  test  facility 
was  designed  and  fabricated.  This  rotor  was  to  include  on  a  somewhat 
reduced  scale  a  typical  heat  transfer  passage  of  the  conceived  heat 
transfer  surface  configuration  consisting  of  one  boiling  and  two  condens¬ 
ing  passes  in  the  form  of  two  disks  assembled  from  spirally  curved 
5/I6  O.D.  tubes. 

Design  of  the  rotor  was  approached  from  two  goals:  (1)  to  arrive 
at  a  suitable  test  device,  and  (2)  to  provide  some  opportunity  for 
developing  and  testing  fabrication  techniques  which  would  find  later 
application  in  the  construction  of  a  reboller-condenser  for  the  boiler¬ 
plate  separator. 

2.  General  Design 

As  can  be  seen  from  Figure  205,  the  rotor  provides  for  a 
cylindrical  chamber  into  which  two  tube  disks  can  be  assembled  to  form 
two  condensing  passages  within  the  tubes,  and  a  boiling  passage  be¬ 
tween  the  tube  disks.  Liquid  enters  the  rotor  at  the  centershaft  at  the 
right  of  the  figure,  flows  to  the  hub  from  which  it  travels  radially  out¬ 
ward  to  a  liquid  hold  up  chamber.  From  the  chamber,  liquid  is  guided 
through  16  equally  spaced  headers  to  an  annular  spacer.  From  here 
the  liquid  is  throttled  through  a  series  of  small  orifices  located  in  the 
distributor  orifice  ring,  shown  in  more  detail  in  Figure  206.  Pressure 
drop  through  the  orifices  effectively  distributes  the  liquid  around  the 
circumference  of  the  tube  sheets.  Part  of  the  liquid  is  vaporized  on 
its  path  to  the  periphery.  This  vapor  is  returned  to  the  axis  through 
the  boiling  vapor  return  chamber,  shown  in  Section  "B"  of  Figure  205. 
The  remaining  liquid  collects  in  the  chamber  at  the  periphery  and  is 
discharged  via  the  liquid  seal  to  the  casing  and  from  there  to  the 
storage  tank. 
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The  condensing  side  vapor  enters  through  the  side  pOft^  and  itiles 
down  the  annular  shaft  passage  to  the  hub.  It  then  travels  radiatly  out¬ 
ward -to -the  inside  ofth~e  tot®  sheets  ,  FlovgingrthrQugh'the  tubee^  it-is 
condensed  and  transmitted  to  the  high  pressure  liquid  chamber.  From  this 
chamber  the  collected  liquid  flows  into  the  casing  and  Out  to  storage,  as 
shown  in  Section  "C"  of  Figure  205.  By  providing  a  greater  radial  depth 
on  the  lower  pressure  liquid  seal  (boiling  side)  it  was  possible  to  operate 
the  condensing  side  at  higher  pressures.  The  differential  liquid  column 
balances  the  pressure  differential. 

Pressure  transducers  were  Installed  at  various  points  in  the  tube 
disks  to  measure  the  pressure  difference  between  boiling  side  and  con¬ 
densing  side.  Another  transducer  measured  liquid  level  in  the  inlet  liquid 
chamber. 

3.  Tube  Disk  Design  and  Fabrication 

From  functional  considerations  reported  in  Section  4 . 0  of  the 
report,  it  was  established  that  the  heat  transfer  surface  should  be  pro¬ 
vided  in  the  form  of  spirally  curved  tubes  assembled  to  form  disks  which 
are  rotated  around  their  axis.  High  pressure  vapor  is  condensed  inside 
the  tubes  and  low  pressure  liquid  is  boiled  outside. 

The  mechanical  requirements  for  the  heat  transfer  disk  were 
analyzed  by  considering  the  worst  possible  case  from  the  point  of  view  of 
strength,  namely  a  uniform  rotating  disk  without  the  support  provided  by 
the  tube  headerlng.  By  use  of  References  (56)  and  (57),  estimates  of  the 
maximum  stress  and  shear  in  the  disks  were  calculated  to  be  4,125  psi 
and  1,900  psi  respectively,  at  the  inside  diameter  of  the  disk  at  the 
maximum  speed  of  the  UCON  fluid  tester,  1250  RPM. 

Since  the  yield  strength  of  Type  3003-0  Aluminum  is  6000  psi  and 
the  shear  strength  is  11,000  psi,  the  conservative  estimate  of  the  two 
stresses  is  evidence  of  a  large  safety  factor. 

The  disks  were  subjected  to  spin  tests  as  described  at  the  end  of 
this  appendix  to  insure  structural  Integrity  and  adequate  strength. 

After  considering  several  different  materials  of  construction  for  the 
various  disk  components.  Type  3003  Aluminum  was  selected  on  the  basis 
of  availability,  strength  to  weight  ratio,  and  ease  of  fabrication. 
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The  tubes  chosen  had  an  0. 280  in,  inside  diameter  and  an 
0.016  in,  wall  thickness.  The  reason  for  using  an  0.016  in.  wall 
thickness  was  that  0.016  in.  was  the  thinnest  wall  which  waa  readily 
available.  Calculations  on  primary  and  shear  stresses  indicated  that 
thinner  walls  could  be  used  safely  if  available. 

Welding  and  soldering  were  discarded  as  methods  for  joining 
tubes  after  laboratory  tests  showed  that  both  of  these  techniques  gave 
poor  results.  Brazing  appeared  to  offer  considerable  promise  for  Joining 
tubes  to  each  other  and  to  headers  while  welding  could  be  employed  in 
fabricating  the  outer  header  since  material  here  is  fairly  thick  and 
Joints  easily  accessible.  Consequently  torch  brazing  was  tried  and 
found  to  be  successful  in  the  laboratory.  Since  hand  brazing  proved 
time-consuming,  it  was  decided  to  follow  a  suggestion  made  by  Alcoa 
and  salt  bath  dip  braze  preassembled  and  fixtured  disks. 

The  final  mechanical  design  of  the  UCON  fluid  heat  transfer 
elements  has  already  been  shown  in  Figure  37.  The  disks  contain 
121  tubes  which  lie  side-by-side.  The  tubes  are  squared  at  the  ends 
to  obtain  good  braze  Joints  between  the  tube  ends  and  headers. 

Section  A-A  of  Figure  37  shows  a  cross-section  through  the  outer  header 
and  one  cross  header.  The  header  is  notched  to  assure  concentric 
alignment  when  assembling  individual  disks  in  the  tester.  Sealing 
between  cross  headers  is  accomplished  by  0-rlngs.  The  bolt  hole, 
not  shown  in  Section  A-A  but  shown  in  the  front  elevation  accommodates 
the  clamping  bolt  which  applies  the  required  pressure  to  seal  the  cross 
headers.  Section  B-B  shows  a  typical  cross  section  through  the  inner 
header.  The  selerted  design  permitted  any  number  of  disks  to  be 
stacked  together  into  as  large  a  heat  exchanger  as  desired. 

Fabrication  techniques  and  disk  assembly  were  the  next  step. 
The  tubing  was  purchased  in  12  foot  lengths.  The  necessary  length  of 
each  tube  on  a  disk  was  found  to  be  24  Inches  from  the  equation  in 
Section  4.5.1.  Seeing  that  the  tubes  must  be  bent,  squared,  and 
trimmed,  the  tubing  was  cut  into  28.75  inch  lengths.  After  cutting, 
all  the  tube  segments  were  annealed  for  one  hour  at  850®F.  to  make 
sure  that  all  material  was  of  "0"  temper  prior  to  forming.  A  plexlglas 
die  for  bending  the  tubes  was  fabricated.  By  a  cut  and  try  method  this 
die  was  shaped  to  correct  for  spring  buck  unlil  the  Lubes  made  with  it 
complied  with  the  desired  curve.  After  the  tubes  had  been  bent  to  the 
desired  shape,  a  rubber  round  (0.275  dla.)  was  Inserted  into  the  tube 
and  the  ends  were  compressed  into  a  square  aluminum  die.  While  the 
tube  was  still  compressed  the  rubber  was  withdrawn.  Only  then  was 
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the  squared  tube  taken  from  the  die.  The  Inside  edges  of  the  die  were 
rounded  so  that  a  smooth  transition  zone  between  the  round  and  square 
tube  sections  was  obtained.  To  facilitate  withdrawal  of  the  compressed 
rubber,  it  was  lubricated  with  machine  oil.  The  purpose  of  withdrawing 
the  rubber  before  opening  the  die  was  to  maintain  the  dimensions  of  the 
square  as  closely  as  possible  (io.OOl  in.  was  obtained).  Following 
squaring  both  ends  were  trimmed  to  exact  dimensions  and  deburred.  The 
result  of  these  operations  is  shown  in  Figure  207. 

All  components  of  the  headering  we^e  cut  from  standard  3003 
aluminum  sheet,  plate,  or  tubing  and  machined  to  rough  dimensions. 

Some  difficulty  was  encountered  in  machining  the  aligning  grooves  into 
the  outside  header  rings  because  of  poor  rigidity  of  these  parts. 

The  major  problem  during  assembly  was  to  fit  121  tubes  into  a 
disk.  The  tubes  had  become  slightly  elliptical  in  the  process  of  bending. 
In  order  to  form  a  full  disk  it  was  necessary  to  reduce  the  minor  diameter 
further.  This  was  accomplished  by  forcing  tubes  into  place  in  groups  of 
six  while  annealing  them  with  a  torch  to  relieve  compressive  stresses. 

It  was  found  that  by  following  a  careful  annealing  procedure  all  121  tubes 
could  be  placed  into  the  proper  position.  Heavy  tape  was  then  used  to 
hold'  the  tube  disk  together  for  shipment  to  the  brazing  vendor  for  final 
assembly,  flxturing,  and  brazing. 

The  dip  brazing  of  all  disks  was  accomplished  by  the  Benson 
Manufacturing  Company  of  Kansas  City,  Missouri.  To  fixture  disks,  in¬ 
cluding  headers,  for  brazing,  individual  tubes  were  Joined  to  each  other 
and  the  headers  by  tack  welding.  For  brazing  No.  718  was  laid  in  hoops 
on  top  of  the  tubes  at  radii  of  6,  7,  9,  11,  13,  15,  17,  and  18  in. 
Following  this  the  bundles  were  preheated  to  lOSO^F.  for  45  minutes  and 
then  dipped  for  4  minutes  into  a  salt  bath  at  llOO^F .  Results  as  pre¬ 
viously  shown  in  Figure  69  were  excellent  for  all  disks .  It  should  be 
noted  that  the  outer  header  was  left  open  to  allow  brazing  salt  to  escape 
from  the  tubes  when  the  disks  were  taken  from  the  molten  salt  bath. 
Washing  with  hot  water  and  nitric  acid  completely  removed  all  traces  of 
salt. 


Following  brazing,  the  outer  header  wall  was  closed  by  welding 
and  the  manifold  blocks  were  welded  into  place . 

The  next  step  in  the  manufacturing  procedure  was  to  apply  the  special 
boiling  surface  on  to  the  boiling  side  of  the  disks .  This  was  accomplished 
with  some  technical  difficulties  which  developed  because  of  the 
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configuration  of  the  surface  to  be  coated.  However,  the  difficulties 
were  overcome  and  a  very  satisfactory  special  boiling  surface  was  applied 
to  several  disks. 

Following  this,  all  parts  were  finish  machined. 

The  completed  disks  were  subjected  to  a  spin  test.  The  object 
of  this  test  was  to  Insure  structural  integrity  of  the  disks.  In  the  first 
part  of  the  spin  test  the  disks  were  run  dry  at  2200  RPM,  without  any 
visible  damage  or  yielding  of  parts.  At  a  speed  of  1600  RPM  with  the 
disk  filled  with  water,  the  tests  were  equally  successful  with  no 
indication  of  yielding.  Factor  of  safety  of  this  design  was  considered 
adequate  since  the  maximum  speed  of  the  tester  was  to  be  1250  RPM. 

The  minimum  actual  safety  factor  at  the  worst  possible  condition  of 
total  flooding  is  (1600/1250)  ^  or  1.65  as  the  stress  is  proportional 
to  the  square  of  the  rotational  speed.  However,  as  previously  mentioned 
calculations  indicated  much  greater  safety  factors  specifically  since 
the  disks  would  receive  much  structural  support  from  the  headering. 

To  accurately  calculate  the  minimum  wall  thickness  necessary 
from  strength  considerations  requires  a  lengthy  and  complicated  analysis 
not  justified  for  the  design  of  the  UCON  experimental  disks. 
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APPENDiX  IX 

COMPUTER  PROGRAM  FOR  INTEGRATION  dF  SYSTEM  OF 
FOUR  DIFFERENTIAL  EQUATIONS  DESCRIBING  HEAT  TRANSFER 
IN  UCON  FLUID  ROTOR 


The  system  of  four  differential  equations  that  are  derived 
on  pages  170-177  is  a  boundary  value  problem,  A  systematic 
procedure  of  trial  and  error  was  required  to  obtain  a  solution  for 
a  given  set  of  parameters. 

The  configuration  and  environment  of  a  condenser  tube 
section  is  shown  in  Figure  208.  Over  the  left  half  of  the  tube 
there  was  no  heat  transfer  taking  place  on  the  exterior  of  the 
tube.  At  the  top  and  bottom  of  the  tube  there  was  a  brazing 
fillet  which  also  prohibited  heat  transfer  on  the  exterior  of  the 
tube.  In  addition  there  was  a  condensate  trough  on  the  bottom  of 
the  tube  across  which  no  heat  transfer  took  place. 

The  integration  of  the  differential  equations  proceeded 
in  three  segments  starting  at  two  different  points.  The  solution 
for  a  given  set  of  parameters  was  obtained  by  matching  the  results 
at  the  points  where  there  was  overlapping  between  segments . 

On  the  right  side  of  the  tube  where  boiling  heat  transfer  took 
place,  there  was  a  sizable  portion  of  the  tube  where  the 
circumferential  gradient  (a)  In  the  wall  was  zero,  meaning  the 
heat  transfer  was  transverse  only.  This  was  true  due  to  the  high 
performance  of  the  special  boiling  surface  where  the  heat  conducted 
through  the  tube  wall  from  the  condensation  taking  place  on  the 
opposite  side  of  the  tube  was  rapidly  dissipated  before  progressing 
very  far  Into  the  region  where  the  boiling  fluid  contacted  the  exterior 
of  the  tube.  This  fact  was  used  in  matching  the  values  of  the 
variables  that  were  integrated  starting  from  the  two  different  points. 

The  integration  of  the  four  differential  equations  was  started 
at  two  different  polijits  in  three  directions.  These  thrpe  integration 
segments  were  at  (l)i  =  0^  proceeding  clockwise;  at  cj)i  =  0,  proceeding 
counterclockwise;  and  (j>i  =  n  ,■  proceeding  counterclockwise.  Since 
the  four  functions  ^0®  JZ  .dY  and  were  thus  treated  as 
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Initial  value  problems,  sets  of  initial  valyeS  of'W>  f/'X/  and 
Q  must  either  be  known  or  assumed  to  start  the  solution. 

The  initial  value  of  C5  for  all  segments  was  zero.  At  the 
top  of  the  tube  (O',  =  0)  for  an  assumed  temperature  difference  on 
the  condensing  side  (©®)  the  value  of  Y  was  calculable. 

The  first  step  in  a  solution  consisted  of  obtaining  mutually 
consistent  pairs  of  0®  and  a  starting  from  O',  =  0  and  Integrating 
in  a  clockwise  direction.  The  criteria  for  a  mutually  consistent  . 
pair  of  0®  and  a  was  that  the  value  0°  be  equal  to  0®  (transverse 
condensing  side  heat  transfer  temperature  difference)  at  the  point 
where  a  was  first  equal  to  zero.  The  .value  of  0|  was  obtained 
from  the  heat  balance  on  an  element  of  the  wall  where: 


(See  Figure  75) 


ey 


If  the  initial  value  of  3  was  too  large,  0®  =  0®  before 
a  =  0.  Similarly,  if  the  initial  value  of  a  was  too  small,  0® 
would  reach  the  value  0°  after  a  became  zero.  Through  this 
procedure  of  trial  and  error,  pairs  of  .0®  and  a  were  obtained 
which  consist  of  all  possible  solutions  starting  the  Integration 
at  the  top  of  the  tube  and  proceeding  downward  to  the  right. 
The  Integration  was  terminated  at  0|  =n  .  The  line  of  solutions 
is  shown  in  Figure  209 . 

SOLUTIONS  FOR  TOP  OF  TUBE. 
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The  secgnd  step  consisted  of  using  pairs  of  ©"  end  & 
obtained -from  the. -line  oLsolutlon  for  the  top,  Figure  209,  for  . 
starting  the  integration  at  l{)l  =  0,  and  proceeding  In  a  counter¬ 
clockwise  direction  to  (j)I  «  it.  The  complete  range  of  possible 
solutions  for  the  point  at  (j)*  =  n,  In  the  form  of  pairs  of  values 
of  ©®  and  Z  at  (})',  =  it,  were  thus  obtained  as  shown  in  Figure  210. 

aOLUTIOlSl  FOR  BOTTOM  OF  TUBE 


2  BOTTOM 
RAD  I  AM 


The  final  step  consisted  of  starting  the  solution  at  the 
bottom  and  proceeding  in  a  counterclockwise  direction.  By  trial 
sets  of  values  of  ©®  and  Z  for  an  assumed  Y  at  (|)',  =  it  were  found 
which  were  possible  solutions  In  that  0®  =  ©I  when  Z  =  0,. 
Assumption  of  a  good  value  for  Y  was  obtained  from  experience  In 
running  the  program.  This  Y  value  was  held  constant  as  pairs  of 
©®  and  Z  were  found. 

For  the  given  Y|,  this  resulted  in  a  crossplot  on  Figure  210 
for  solutions  for  the  LoLLoin  of  the  tube  as  shov/n  In  Figure  211. 
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The  solution  occurs  at  the  intersection  of  the  two  lines 
on  Figure  211.  The  effect  of  changing  the  solution  by  changing 
Y  assumed  at  the  bottom,  was  Investigated  and  found  to  be  an 
insensitive  variation  having  a  limited  range  as  shown  by  the 
dotted  line  in  Figure  211.  Interpolation  between  the  lines  of 
Y]^  and  Y2  was  used  to  obtain  the  exact  solution. 

After  obtaining  the  exact  solution,  a  final  run  was  made 
using  the  known  values  previously  determined. 


The  necessary  data  input  and  the  output  of  the  program 
are  presented  as  follows: 

Data  Input 

a  Initial 

0®  Initial 

Y  Initial 

d)  (Determined  as  functions  of  Q/A  and  Ng  as  shown 

2  earlier  in  this  report.) 

B  (Determined  from  Figures  41  and  42) 
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Data  Input  (Gon'tl 

g  .  Ng 

kj  (Determined  from  Ref  .  51) 

k 

m 

t.  (Determined  from  Figures  41  and  42) 


0 

a 

X 


(Normally  10®) 


Output  of  Program 

The  following  are  determined  as  functions  of  the  angle 
around  the  tube  circumference  for  the  tube  left  half  (0-180®) 
and  right  half  (0-180®). 

a 

e® 

Y 

Q 

where  at  180®,  B  left  =  -  15  right  and  9®  left  =9®  right. 

The  flowsheet  for  the  computer  program  is  presented  as 
Figure  212.  The  Runge-Kutta  Technique  is  standard  and  is  shown 
as  a  subroutine  (Ref.  39).  Subroutine  A  illustrates  the  applica¬ 
tion  of  this  particular  system  to  the  Runge-Kutta  technique.  The 
use  of  the  equations  in  subrouti'rie  A  is  generalized  as  follows, 
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d  g 


2 

d^©‘ 


f  f 

i  (fl'  '  ^4  cJ 


where: 

Left  Half  of  Tube 

-  JL.  6 ' 

for:  O  <  (|),  <  (180°  —f-  ) 


h  = 


'2  = 


"f  ^1  A, 

L  ^f 


Y 


^3  p  ^3  g  Ng  cos  «  °  sin  (|)i 


\  cot  (t); 


f 


.1 


Y 


for  (180°  -  ^)  <  <  ISO® 

f. 


‘1 


2 

»  -S 


f^  =  O  = 

fa  =  o  = 


f. 


d  g 
d  0 
d  Q 
d^ 

is  meaning  less, set  to  zero 


Right  Half  of  Tube, 
for:  0<  (j)!  <.24° 

f.  =  a 


^2 


(  1= 
‘3 


t  . 

IT.  t 

L  JifJi 


Y 


D  ,  “  g  Ng  X  cos  u  °  sin  (|), 
Xj 


© 


1 


-^cotcj); 


^4  “  '^f'^t 
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Case! 


for:  24®  <  <|),  <  (180  -  ^  ) 


^  2 

k,  C  r/  qO  BC  „  n+ 1 

^2= 

^  m  t  m  t 


^  L  ^ 

^3  ~  p  g  Ng  \  cos 

©« 

U  “  Y 


oosi^r^y  •  #“"3°°' 


for:  (180  -  ^)  <  (^,  <  156 

B  0,  r.  1+  ' 

m  t 

'3  =  ° 

f  =  is  meaningless,  set  to  zero 
4 

for:  156  <  <|).  <  180® 


^  =  * 
fa  =  o 

S  =  ° 

f  =  is  meaningless,  set  to  zero 
4 


lase  TT  ^  Z  24® 


r:  24®  <  ^,  <  156®  _  ,  „  ^  , 

same  as  Case  I  For:  24®  <  (Pi  <  (180  -  „  ) 
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for;  156*<  (|).  <  (180“  “  ^  ) 

same  as  For:  O  <  (|)i  ^  24“ 

for:  {180“- ^)<(j),^180“ 

same  as  Case  I  156  <  <t)i  <  180“ 

As  shown  In  the  flowsheet  (fig.  212))  there  are  three 
starting  positions  depending  on  the  tube  segment  being  studied. 
The  computation  path  next  goes  to  subroutine  A  and  is  controlled 
by  computer  logic.  Flow  into  the  exit  indicates  flow  into  the 
Runge-Kutta  integration  and  from  there  back  to  the  beginning  of 
subroutine  A.  Path  22  was  utilized  to  force  Z  to  stay  at  zero 
in  calculations  continuing  to  «  after  appropriate  determination 
of  Z  =  O  and  ©“  *  ©g  on  the  right  side  of  the  tube.  This 
avoided  unreal  buildups  in  Z  in  the  computation  beyond  the 
matching  point  over  the  circumferential  length  where  Z  is 
zero. 
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The  pressure  at  point  (1)  resulting  from  the  conditions  in  the  column 
is  the  sum  of  the  column  pressure  Pool*  and  the  pressure  created  by 
the  liquid  head  in  the  centrifugal  field  which  Is  given  as  follows: 
the  uentrifugal  force  on  an  infinitesimal  body  of  fluid  of  mass  dm  at 
radius  r  is  dm  a>  ’  r  .  But  the  mass  is 

dm=dAdrp 

where  p  ^  Is  the  liquid  density.  The  centrifugal  force  gives  rise  to  a 
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pressure  difference  dP  across  dr  and  hence  a  differential  force  dPdA 
where  dA  is  the  area  normal  to  dr.  Equating  for  equilibrium  conditions; 

P  T 

dPdA  =  dmoa*r  =  dAdr  -  a?  v 

g„ 


and 


dP 


00 


rdr 


In  the  present  case  the  limits  of  integration  are  r,  and  R  .  Thus 

I  o 

2 

“  P  T  . 

dP  =  - -  rdr 


g 


P.  -  P 


col 


-  2 

CO  P  . 


2 

00  p 


2  g. 


R 

;  °  rdr 
^1 


) 


Thus: 


CO*  p 

p  =  p  +  - 

col  2g 


-  r  *  ) 
o  1 


Similarly  on  the  casing  side  with  r. 


<  r  <  R 


seal 


2 

CO  p 

p,  =  P  +  ^ 

'  cas ,  2  g 


(R  '  -  r  * 

^seal 


Thus: 


AP 


CO*  0  CO*  p 

-  P  =  ■  ^  fR  2  _  _  2\  _  _  . ,  ..a.  fn  2  _  y.  2  \ 

seal  ‘col  cas  2  g  '  o  '  2  g  '  o  i  ' 

c  seal  c 


=  P 


CO*  p  ^ 

- ^  /  2  _  2 

2  ^c  1  ^seal 
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seal 


2  2  g  AP 

fj  -  seal 


05*  p  , 


1/2 


(65) 


Now  If  the  casing  pressure  is  raised  such  that 


P  )  P  , 
cas  '  col 


The  picture  becomes: 


CBKJTRlFUQtfti.  SBAa,-RlSE  INJ  CAjSlMCb  PRESSURE 


-COL 


o 


'SEAL 


F\Gi.'2l4 


Defining  as  shown,  the  total  depth  of  immersion  now  becomes: 


"o  -  '  "seal' 
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However,  if  the  control  valve  is  designed  such  that  the  liquid 

level  is  maintained  at  approximately  2  in.  regardless  of  casing  pressure, 

the  last  term  of  the  above  equation  has  r,  «  R  .  Thus  R  can  be  used 

1  o  o 

with  sufficient  accuracy  in  the  term  defining 
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APPENDIX  XI 


COMPUTER  PROGRAM  FOR  EVALUATION 
OF  TWO-PHASE  PRESSURE  DROP  AGAINST  A 
GM’iHTATIONAL  FIELD 


This  program  was  written  to  use  correlations  developed  from 
experimental  data  presented  In  Tables  52,  53  and  54  to  evaluate 
two-phase  flow  directed  against  a  gravitational  field.  The  results 
are  pertinent  to  study  of  the  shelf  and  kettle  transfer  lines  and  their 
control  valves.  The  flowsheet  for  the  computer  program  Is  presented 
as  Figure  215. 

Assumptions  Involved  In  this  program  are  as  follows; 

a.  Complete  Isentroplc  expansion  with  neglect  of 
frictional  losses. 

b.  Pipelines  are  radially  directed.  Deviation  from  the 
radial  direction  would  necessitate  expressing  AR  as  a  function 
of  pipeline  slope. 

c.  Linear  variation  In  liquid  density  from  pipeline  inlet  to 
outlet. 

d.  Variation  in  vapor  density  Is  in  accordance  with  the 
Ideal  Gas  Law. 

e.  Vapor  quality  Is  a  function  of  pipeline  inlet  pressure  to 
a  power  times  the  logarithm  of  the  pipeline  segment  boundary 
pressure  ratios. 

Values  for  the  constants  aj  and  were  obtained  by  calculation 
using  data  obtained  from  Reference  (20) . 

Series  A  and  B,  air-water  data,  are  omitted  because  experimental 
equipment  problems  during  testing  made  these  results  unreliable. 
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TABLE  52  (nont'd.l 


Two-Phtae  Flow  of  Air  and  Water  Against  Gravitational  Field 


Sertea  "C" 


Aver. 


Run 

g 

370 

204.0 

371 

258.0 

372 

51.0 

373 

80.0 

374 

116.0 

375 

156.0 

377 

204.0 

378 

258.0 

380 

51.0 

381 

28.5 

383 

80.0 

384 

116.0 

385 

156.0 

386 

204.0 

387 

80.0 

389 

$1.0 

390 

116.0 

393 

156.0 

394 

204.0 

395 

258. 0 

336 

28. S 

397 

51.0 

398 

80.0 

399 

116,0 

400 

156,0 

401 

204.0 

409 

80.0 

410 

116.0 

412 

156.0 

413 

204.0 

414 

258.0 

415 

320.0 

420 

28.5 

423 

51.0 

425 

80.0 

428 

116.0 

430 

156.0 

432 

26.5 

434 

51,0 

435 

80.0 

437 

116.0 

H,0 

U>./8ee. 

0.417 

0.SS6 


0.695 


0.417 


0.556 


'if 

0.417 


'4' 

0.556 


G 

9 

Air 

Lb./aec. 


Lb./Gu.Ft 


AP  L/V 

Pal  Vol. 


0.024C 


0.0369 


0.0369 


0.0123 


0.012 


0.30 


S' 

0.35 


0.20 


9.0 

9.4 

1,25 

2.60 

4,90 

6.20 

9.10 

12.70 

2.38 

2.38 

5.87 

7.65 

9.40 

12.65 

1.15 
0.75 

1.40 
1.62 
1,65 
5.80 
0.62 
0.87 
1.30 
1.62 

2.25 

3.25 
5.95 
6.55 

9.15 
12.1 
14.5 
23.3 

2.0 


0.0825 

0.110 


V 

0.1375 


>i/ 

0.055 


0.0733 


0.$2 


0.110 


3.6 

6,2 

8,1 

Q.n 

2.25 

3.75 


0.147 


4^ 


7.1 
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TABLE  53 


Tv/o-Phase  Flow  of  Air  and  Water  Against  Gravitational  Field 

Series  "D" 


Run 

Aver. 

N 

g 

H2O 

Lb./Sec. 

G 

g 

Air 

Lb .  /  Sec . 

V 

Lb./Cu.Ft. 

AP 

Pal 

l/v 

Vol. 

481 

28.5 

0.1 

39 

0.006 

0. 

I 

30 

0.6 

0.110 

482 

51.0 

1 

2.25 

1 

484 

80.0 

2.0 

i 

1 

485 

116.0 

3.25 

1 

1 

1 

486 

156.0 

! 

1 

4.1 

j 

488 

204.0 

j 

7.1 

1 

492 

258.0 

10.0 

521 

OQ  ^ 

b  V*  « 

0.0123 

1 

0.4 

0.055 

522 

51.0 

. 

t 

1 

1 

i 

0.8 

525 

80.0 

1 

1 

1 

1 

1.1 

526 

116.0 

1.6 

527 

156.0 

2.0 

529 

204.0 

2.3 

530 

258.0 

2.35 

533 

320.0 

4.5 
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APPENDIX  XII 


CONTROL  VALVE  SYSTEM 


1 .  Control  Valve  System  Analysis 

As  indicated  on  Figure  135,  the  basic  elements  of  the  kettle 
transfer  system  are: 

a.  The  liquid  collector  space  which  acts  as  a  holdup 
chamber. 

b.  The  valve  which  opens  or  closes  depending  upon  liquid 
level . 

c.  The  pressure  sensing  element  which  converts  the  static 
head  of  the  liquid  to  a  pneumatic  signal  proportional  to  liquid 
level . 

These  are  presented  in  a  conventional  block  diagram  in  Figure  216.  In 
this  basic  model,  the  effect  of  the  pressure  drop  through  the  kettle 
transfer  line  has  not  been  Included,  as  this  is  felt  to  be  of  minor  im¬ 
portance.  In  the  following,  a  short  analysis  on  the  simplified  control 
system  model  is  presented  to  obtain  some  indication  of  control  response 
times . 


■ 


The  transfer  functions  for  the  individual  components  are  derived 

below. 


a .  Holdup  chamber  transfer  function:  The  geometric  con¬ 
figuration  is  shown  in  Figure  217. 


W-W^  =  Pl2 


-  dh. 
o. _ L 


w-w„ 


or  In  operational  notation. 


1 


t 


4P3 
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W(s)  -  W^(s)  =  p^2  ^  ® 

Ic 


or, 


W(s)  -  W^(s)  k^s 


where,  k^  =  2  ) 


since,  a(s)  =  W(s)  -  W^(s) 


(s) 


kiS 


Valve  Transfer  Function:  for  the  valve, 

1/2 

=  A[2g^APPL] 


W  °  +  w„  =  (A°  +a^)  [2g  ] 

V  d  ^  J-i 

1/2 


1/2 


but,  W^°  =  A°  [2g^APp^] 
thus,  w  ^(s)  =  ag(s)  [2gpARPL] 
1/2 

[2g^APpL] 


1/2 


=  kr 


or,  w^(s)  =  ag(s)  k2 


(68) 


(69) 
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c.  Valve  Operator  Transfer  Function:  This  must  be  broken 
down  into  two  parts: 

(1)  Signal  pressure  -  hj^  functional  relation. 

The  pressure  signal  available  is  found  from 


Sp  = 


This  assumes  a  pressure  tap  mounted  at  the 
periphery,  r  .  Since  r  is  large,  this  can  be  approxi¬ 
mated  by,  °k  °k 


(2) 


•n'l,)] 


Operator  position  x°  -  Sp  relation 


Sp  Ag  =  2(kg  +kj^)  x° 

These  two-relationships  are  combined 
2 


Pl“ 


'o  “k 


and 


Pl" 


thus. 


Aj  r  hj^(*)  =  2(k3  +  k^,)  xj°(s) 


» 
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2{k^+kj^) 


p  0)  r 

^  °k  1 

^  ZSc'I's'^V  ■  '‘3 


x,°(s) 


=  k. 


(70) 


Orifice  Area  Transfer  Function 


Figure  218  indicates  the  orifice  configuration  used  in  the 
design  of  the  control  valve. 


Area  of  Sector  = 


'orf 


Area  of  Triangle  =  cos  i^I 

2  r  j.  I 


Orifice  Area 
..o 


=  2r: 


orf 

=  2R^rf  ^ 

thus , 

,  .0 


sin  <|>, 

-  cos  sin  <t>'  ] 


ZR 


orf 


=  1  -  cos  l|>, 


ITR 


=  ^  [  2  '!>'  -  sin  2  ()>',  ] 


orf 


<t>; 


0  to 


This  is  then  linearized  to  obtain: 
^  ..o 


=  1.18 


^R 


2R 


-  .2 


orf 


orf 


1.18  X. 


1TR' 


2R 


.2 


'orf 


orf 
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let  .59 


ag^(s)  =  k^  x°  (s) 

In  summary: 

Kettle  Holdup: 


h^ls) 

(s) 


k^s 


where: 

Valve: 

Valve  Operator: 


(s)  =  W(s)  -  W^(s) 

Wv{s)  =  a^(s)  k2 

h  (s) 

x(s)  ’^3 


Orifice  Area:  k^ 


(71) 


It  is  desired  to  examine  as  a  measure  of  the  control  effective¬ 
ness  the  response  to  a  delta-function  input  flow. 


i 


hL(s)  =  [W(s)  -  W„(s)] 
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h^ls)  =  [W(s)  -x°(s)  k2k4] 

=  M  ’'2  K  ’"4 


or, 


k^s  hL(s)  =  W(s)  -  1^2  -j^  k^  h^(s) 

3 

h^Cs)  [kjs  +k2  k^]  =  W(s) 


h^(s) 

W(s) 


or. 


^2  ^4 


*^1®  ’^2  kg  ^^4 


^1  ^3 
^2 


s  +  1 


h^^(s) 

W(s} 


s  + 


^2  ^4 

ki  kg 


let  W(s)  =  “i  Wq 
then. 


hL(s)  = 


thus , 


s  + 


^2  ^4 
’^1  h  J 


where  is  some  constant 


“l  ^o 


Wo  k, 

W  =  kf  e-^i^ 


kgk^ 


k  ^ 
‘^3 
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let, 

l^i  kg 

— ~  =  Tj^,  the  system  time  constant 


V'i>  ■  e  ■  Tj  (72) 


2 .  Data  Analysis  for  Control  System  Tests 


The  following  are  considered  in  data  analysis  for  the  control 
system  described  in  section  5.5. 

a .  Data  obtained 

(1)  fiow(Q,‘),al/mln 

(2)  speed  (n)  RPKI 

(3)  inlet  liquid  pressure  (Pj^^) 

(4)  outlet  vapor  pressure  (P^^) 

(5)  liquid  level  (h^^),  ft. 

b.  UCON  fluid  thermodynamic  data  used 
as  input  ohta  to  d^ermine  conditions  at  upstream  side  of  valve. 
(Air-water  correlations  enter  here . ) 

c.  X  downstream  of  the  valve  is  found  from  assumption  of 
isenthalpic  flow  through  valve. 

d.  Rt  downstream  is  computed  from  the  assumption  that  for 
a  given  JCand  density  (p, ,  p  )  the  kinetic  energy  is  a  minimum — 
no  valid  reason  for  this  la  known,  but  result  compares  well  with 
the  two-phase  correlations. 

e.  X  density  ratios  are  used  with  the  Hoopes  correlation 
to  find  A  P^p/APj^jQ. 

f .  A  Pttq  Is  determined  from  standard  orifice  equation 
knowing  orlllce  area  and  standard  flows  for  value . 
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g.  A  is  found  and  compared  with  pressure  drop  deter¬ 
mined  fromT  upstream  of  valve  and  measured  vapor  pressure. 

Analysis  of  a  typical  data  point: 

Qj}  =  10  gpm 

N  =  800  RPM 

Pj^^  =  149  psia 

Py^  =  80  psia 

Apjp=  14.1  psi 

Valve  Operator  Signal  Pressure  =  15  psi 

The  first  step  is  to  compute  the  pressure  drop  across  the  valve. 
Since  the  correlation  to  be  used  utilizes  the  downstream  conditions , 
these  must  be  found.  The  downstream  pressure  is  approximately 
80  psia  (the  vapor  outlet  pressure).  The  downstream  X.was  found  for 
isentropic  and  isenthalpic,  the  average  valve  (.160)  will  be  used. 


To  compute  the  downstream  R. ,  it  is  assumed  that  the  kinetic 
energy  will  be  a  minimum. 


K.E.  = 


2g, 


(1  -  X)^  y  2  ^SV 

R^^  (1  - 


(  73),  (ref.  41) 


^  =  0,  this  will  give  the  value  of  Rj^  for  which  the 

kinetic  energy  is  a  minimum. 


''II  ^  . 

<^1  » - 

for  this  case  X  =  .160  Vgy  =  .506 
thus , 

-.853  X  10~'^  ,  10.5  X  lO"'^  _ 
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-(1  -  Rj^)^  .853  +  10.5  =  0 

Rj^  =  .3  minimizes  the  function. 

The  Hoopes  correlation  parameter  can  now  be  computed. 


(1  -  ^  ^  ^  (1  -  .160)^ 


.3 


,  .506  (160)^ 

.012  1  -  .3 


=  3.89 


From  the  correlation  A  A  P^^jq  =  3 


A  Ftt^j  the  pressure  drop  assuming  liquid  flow  is  now  determined. 
Liy  j/2 

W  .  A[  1 

W  =  .88  lb. /sec.  per  tube. 

The  corresponding  Pj^  =  77.5  lb. /ft. 

The  orifice  area  must  be  determined  from  the  valve  piston 
position  or  the  valve  operator  signal  pressure  =  15  psl. 

2 

The  orifice  area  obtained  from  Figure  218  is  .0727  in. 

A  is  found  to  be  4.21  psl 
thus  j 

AP^p  =  4.21(3.89)  =  16.4  psi. 


494 


63  ASRP-2391 


CONFIDENTIAL 


ASD-TDR-63-665,  Part  I 


APPENDIX  XIII 


STATIONARY  COLUMN  RESULTS 


63-ASRP-2391 


495 


■  s  H  0<r  (EW  Jilit' 


I 


3 

!«' 


ASD-TDR-63-66S,  Part  I 


TABLE  SS 
POINT  NO.  1 

LOW  PREB8URE  COLUMN  PRESSURE  «  S6.  S  ^  pS  7b.5P8!A* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  234  PfltA 
FEED  A!R  SUPERHEAT  «  0  B.  T .  U . 


VAPOR  MOL  FRACTION 


LIQUID  MOl  FRACTION  FLOWQUAN. 


N  A  Q  N  A 


p 


k  y 


TOP  aSCTrON  of  low  pressure  COLUMN 


.9782 

.004240 

.01755 

1.000 

.0000 

.0000 

.0000 

-.7788 

FEED 

.9773 

.003183 

.01951 

.9440 

.005953 

.05001 

.2512 

.1227 

FEED 

.9783 

.004375 

.01730 

.9627 

..005016 

.03226 

.5543 

.9592 

.969S 

.006212 

.02427 

.9474 

.008204 

.04441 

.5519 

.9568 

1 

.9580 

.008089 

.03393 

.9272 

.01148 

.06132 

.5485 

.9534 

2 

.9432 

.009902 

.04686 

.9012 

.01467 

.08411 

.5440 

.9488 

3 

.9250 

.01152 

.06345 

.8689 

.01755 

.1136 

.5382 

.9431 

4 

.9036 

.01278 

.08359 

.8305 

.01985 

.1497 

.5315 

.9364 

b 

.8799 

.01356 

.1066 

.7874 

.02134 

.1913 

.5243 

.9291 

6 

.8553 

.01380 

.1309 

.7422 

.02186 

.2359 

.5171 

.9219 

7 

.8316 

.01352 

.1549 

.6982 

.02146 

.2803 

.5104 

.9153 

8 

.8104 

.01283 

.1768 

.6585 

.02032 

.3211 

.5048 

.9097 

9 

.7926 

.01191 

.1954 

.6252 

.01872 

.3561 

.5005 

.9053 

10 

.6317 

.01646 

.3518 

9. 

BOTTOM  3ECTION  OF  LOW  PRESSURE  COLUMN 


.1893 

. 03365 

.7770 

.08504 

.02756 

.8874 

-.2212 

.0000 

PEED 

.1893 

.03365 

.7770 

.1627 

.03210 

.8052 

.8671 

.6459 

.3286 

.03528 

.6361 

.2674 

.03334 

.6993 

.8803 

.6590 

1 

.4803 

.03230 

.4874 

.3830 

.03114 

.5859 

.8987 

.6775 

2 

.6119 

.02664 

.3615 

.4850 

.02686 

.4882 

.9184 

.6972 

3 

.7056 

.02083 

.2736 

.5586 

.02243 

.4189 

.9344 

.7131 

4 

.7635 

.01629 

.2203 

.6045 

.01893 

.3765 

.9446 

.7233 

5 

.7964 

.01322 

.1904 

.6307 

.01656 

.3527 

.94  9  8 

.7265 

6 

.8145 

.01130 

.1742 

.6453 

.01507 

.3396 

.9540 

./328 

7 

.6317 

.01646 

.3518 

6. 

.8104 

.009055 

.1805 

.6234 

.01317 

.3634 

.4485 

.1776 

FEED 

.9733 

.003564 

.02315 

.9550 

.005044 

.04000 

-.3739 

.0000 

FEED 

.9550 

.005044 

.04000 

.9550 

.005044 

.04000 

.7297 

1.104 

.9349 

.006367 

.05871 

.9244 

.007059 

.06849 

.7155 

1.089 

1 

.9137 

.007495 

.07881 

.8917 

.008802 

.09950 

.7012 

1.075 

2 

.8920 

.008396 

.09957 

.8578 

.01022 

.1320 

.6873 

1.061 

3 

,8707 

.009056 

.1202 

.8240 

.01)28 

.1647 

.6743 

1.048 

4 

.8505 

.009491 

.1400 

.7916 

.01200 

.1964 

.6626 

1.036 

5 

.8321 

.009720 

.1582 

.7616 

.01240 

.2260 

.6523 

1.026 

6 

.8158 

.009783 

.1744 

.7349 

.01254 

.2525 

.6437 

1.018 

7 

.6018 

.009724 

.1885 

.7119 

.01247 

.2757 

.6365 

l.OlO 

8 

.7901 

.009585 

.2003 

.6975 

.01228 

.2953 

.6308 

1.005 

9 

.7806 

.009400 

.2100 

.676$ 

.01200 

.3115 

.6261 

1.000 

10 

.7901 

.009586 

.2003 

.6765 

.01200 

.3115 

-.6261 

.0000 

FEED 

.7806 

.009400 

.2100 

1.000 

.0000 

.0000 

.0000 

1.000 

FEED 

HEAT  EXCHANGER  DUTIES  -  B.t.u./Lb.  mole  feed 
QR  176S,  QC  691,  QS  69 


*  These  calculsuons  account  for  the  variation  of  the  relative  volatilities  and  enthalpies 
with  pressure.  All  following  cases  are  the  same  unless  otherwise  Indicated. 
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63  ASRP-2391 


SECRET 


1 


ASD-TDR-63-665,  Part  I 


TABLB  56 
POINT  NO.  2 

LOW  PREaSURE  COLUMN  PREBStlRE  -  S6.S  S  P  ^  76.S  PSIA* 
HlflH  PRESSURE  COLUMN  PRESSURE  -  22S  P31A 
PEED  AIR  SUPERHEAT  -  0  B.T.U. 


VAPOR  MOL  TRACTION 


UQUID  MOL  FRACTION 


FLOW  QUAN. 


§ 


N 

A 

O 

N 

A 

0 

L 

y 

TOP  flECTtON  OP  LOW  PRESSURE  COLUMN 

.9783 

.004151 

.01755 

1.000 

.0000 

.0000 

.0000 

-.7788 

FEED 

F' 

.9775 

.003135 

.01934 

.9446 

.005864 

.04957 

. .2608 

.1209 

FEED 

.9784 

.004278 

.01733 

.9627 

.004942 

.03233 

.5650 

.9620 

.9695 

.006083 

.02441 

.9475 

.008023 

.04448 

.5626 

.9596 

1 

hi 

.9577 

.0079$$ 

.03438 

.9271 

.01124 

.06167 

.5590 

.9561 

2 

' ' 

.9422 

.009793 

.04796 

.9004 

.01442 

.08522 

.5542 

.9513 

3 

.9229 

.01145 

.06564 

.8666 

.01733 

.1161 

.5481 

.9451 

4 

.8999 

.01276 

.08738 

.8258 

.01968 

.1545 

.5408 

.9379 

5 

.8740 

.01357 

.1124 

.7797 

.02119 

.1992 

.5329 

.9299 

6 

.8422 

.01379 

.1390 

.7311 

.02170 

.2472 

.5250 

.9221 

7 

.8214 

.01346 

.1652 

.6838 

.02123 

.2949 

.5178 

.9149 

8 

.7984 

.01270 

.1889 

.641$ 

.01997 

.3385 

.5118 

.9089 

9 

.7795 

.01170 

.2088 

.6064 

.01825 

.3754 

.5072 

.9043 

10 

.6321 

.01662 

.3510 

9.0 

BOTTOM  SECTION  OF  LOW  PRESSURE  COLUMN 

.1887 

.03404 

.7773 

.08472 

.02788 

.8874 

-.2212 

.0000 

FEED 

.1887 

.03404 

.7773 

.182$ 

.03248 

.8051 

.8765 

.6552 

.3281 

.03571 

.6361 

.2876 

.03378 

.8986 

.6898 

.6686 

1 

.4805 

.03269 

.4868 

.3841 

.031S2 

.$844 

.9087 

.6874 

2 

.6129 

.02693 

.3601 

.4871 

.02716 

.4657 

.9269 

.7077 

3 

.7072 

.02102 

.2718 

.$615 

.02263 

.4159 

.9454 

.7241 

4 

.  7654 

.01640 

.2182 

.8079 

.01905 

.3731 

.9558 

.7346 

5 

,7985 

.01327 

.1882 

.6342 

.01663 

.3492 

.9612 

.7400 

6 

.6321 

.01602 

.3510 

5.9 

.8091 

.009126 

.1818 

.6216 

.01324 

.3651 

.4490 

.1693 

FEED 

HIGH  PRESSURE  COLUMN 


,9736 

.003537 

.02282 

.9549 

.005060 

.04000 

.9345 

.006418 

.05908 

.9129 

.007568 

.07953 

.6909 

.008478 

.1006 

.8694 

.009)38 

.1214 

.6492 

.009560 

.1413 

.8308 

.009773 

.1594 

.8147 

.0096)6 

.1754 

.801 1 

.009745 

.1892 

.7898 

.009594 

.2006 

.7806 

.009400 

.2100 

.7897 

.009594 

.2007 

.7806 

.009400 

.2100 

.9  >49 

.005060 

.04000 

.9549 

.005060 

.04000 

.9234 

.007153 

.06941 

.8897 

.008954 

.  1014 

.8549 

.01040 

.1347 

.8203 

.01146 

.1682 

.7873 

.012)9 

.2005 

.7571 

.01257 

.2303 

.7305 

.01268 

.2569 

.7075 

.01259 

.2798 

.6885 

.01237 

.299) 

.6730 

.01208 

.3149 

.6730 

.01206 

.3150 

1.000 

.0000 

.OUUU 

-.3817 

.0000 

PEED 

.7193 

1. 101 

.7052 

1.087 

1 

.6909 

1.073 

2 

.6772 

1.059 

3 

.664$ 

1.046 

4 

.6530 

1.035 

S 

. .6432 

1.025 

6 

.8349 

1 .017 

7 

.6281 

1. 010 

8 

.6226 

1.004 

9 

.6183 

1.000 

10 

-.6183 

.0000 

FEED 

.0000 

1  .000 

FEED 

HEAT  EXCHANGER  DUTIES  -  p.t.o.Ah.  mole  feed 
OR  I795r  OC  694,  C?S  69 


I 


*  These  celculeitons  account  for  the  variation  of  the  relative  volatlUtlcs  and  enthalpies 
with  pressure.  AH  following  cases  are  the  same  unless  otherwise  indiratpri. 
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63  ASRP-2391 


SECRET 


ASD-TDR-63-665,  Part  1 


TABLE  S7 
POINT  NO.  3 


LOW  PRESSURE  COLUMN  PRESSURE  ■  SS  &  P  &  98  PSIA* 
H10H  PRE8SURE  COLUMN  PRESSURE  •  265  PSIA 
FEED  AIR  SUPERHEAT  ■  0  B.T.U. 

M9l  matlon  11^14  Mol  motion  plo< 

4  0  It  A  0  L 


TOP  SECTION  OF  LOW  PRESSURE  COLUMN 


9779 

.009118 

.01759 

1.QOO 

.0000 

.0000 

.0000 

7981 

TTMb 

9739 

.X969O 

.08049 

.9436 

.006670 

.0907a 

.8409 

1981 

FBD 

9775 

.009918 

.007480 

.01714 

.02296 

.^18 

.9477 

.009699 

.009799 

.03899 

.04894 

.9176 

.9193 

9574 

953a 

*.9619 

.009979 

.03919 

.9913 

.01938 

.09491 

,3189 

9986 

.9S« 

.01193 

.03799 

.84790 

.9189 

.01716 

.02094 

;S8I? 

.3099 

5 

.9899 

•Otto 

.OI9A 

.06009 

.07376 

.8646 

.6571 

.08897 

.08490 

.1188 

.1^ 

.9016 

.4970 

i 

*6796 

.01638 

.01697 

.0W9 

.1040 

.sm 

,7780 

.08606 

.08019 

.1668 

.1996 

.4«> 

.46n 

9180 

9074 

T 

.01613 

:°o!5S 

a 

.6967 

.03608 

.08913 

.08989 

.8846 

.8989 

.8n9 

.4764 

i’ 

8961 

.1 

11 

.6884 

.01403 

,1976 

.08891 

.8998 

.4799 

g96 

18 

.6300 

.8199 

:s;rj 

.l6jS9 

.1749 

.0tOT9 

.01989 

.5174 

•391? 

.4780 

|£I 

!5 

!5 

.6088 

.01166 

.1808 

.6988 

.01T» 

.9499 

BBw 

.8044 

.01109 

.1846 

.6914 

.01671 

.9319 

68n 

16 

.dui6 

.01090 

.1879 

.ika 

.01971 

.9381 

.4690 

8888 

8691 

■M 

.Oloq 

.OOTTi? 

.1908 

.1917 

.6827 

.$309 

.6833 

.01469 

.01488 

.01533 

.9684 

:iSl 

.4691 

.4694 

18 

lU 

KWH 

SECTION  Of. 

LOW  PMSSUgt  eOLUMH 

.06968 

.03943 

.8970 

.«37>> 

.9459 

-  .8079 

.0000 

R8> 

.069M 

.1296 

.aiM 

«V62 

:U55 

.70S 

.7437 

.7680 

.7839 

.7911 

.7965 

.7999 


.039fc3 

.09989 

.0C317 

.Oiti98 

.03781 

.03161 

.03999 

.08003 

.01619 

.01390 

.01183 

.01076 

.01011 

.009711 


.8970 

.6910 

.7C18 

.6989 

.9170 

.M89 

.3916 

.8798 

.8I»08 

.8189 


HlQKPMSaVRE  COLUMN 
,9718  .004108  .08487 


.9177 


.8993 

.8399 

.7976 

.7919 

.7873 

.7896 

.7806 

.7899 


.00999 

.009947 

.01081 

.01093 

.01094 

.01087 

.01019 

.009684 

.009996 

.009400 

.009936 


.07433 

.09197 

.1099 

;1S 

,19^ 

.1669 

.1766 

*1893 

.1984 

.1989 


.09984 

.1049 

.1696 

.25W 

.9491 

ii 

.9797 

.9991 

.6109 

.6179 

.6313 

.6399 

.6883 


.6899 


■■E 

.6419 

.8148 

.7176 

.709? 


.6779 

.6779 


.09147 

.03793 

.09449 

.;3a8i 

.08^7 

.02196 

.01834 

.01631 

.01900 

.01419 

.01969 

.01398 

.01399 

,01878 


.009999 

.0O99M 

.007969 

.009^9 

,01060 

.01168 

.01894 

.01879 

.01961 

.01GT9 

,01897 

.01839 

.01809 

,01187 

.01169 

.01166 


;I5S 

.7988 

.7098 

.6309 

.9591 

.4798 

.4906 

.4080 

.3846 

.3744 

;^2I 


.9699 


.04000 

.06946 

.09889 

.1789 

.1978 

.8198 

.8986 

.8994 

.8696 

.8819 

.8919 

.8993 

.9097 

,3108 


Zl 

,8^1  .6488 


.8318 

,6M 

•B: 

.8419 

.8961 

.8718 

.8699 

.6969 

.9099 

.9071 

.9087 


,4986 


.7849 

.7109 


.6907 

.6490 

.6403 

.6969 

.6993 

.6910 

.6891 

.6876 


.6199 

.6ift0 


i 

:t?g  I 


,ji«9  •  .6376 


.6994 

.6998 

.7008 

.7011 

.7006 

.6996 


.1890 


.0000 

1,111 

1.097 

1.089 

1.070 

;:s: 

1.098 

1.030 

1.089 

1.017 

1.019 

1.009 

1.006 

I.SO9 

1.008 

1.00U0 

.0000 


i 


9 

10 
11 
18 
19 

18.47 


I 

J 

9 

10 

II 
18 

15 

19 


,7804  •*" 

HEAT  EXCHANQER  DUTIES  -  B.t.u.Ab. 

OP  1660,  QC  623.  OS  67 


*  Th«  cfiewlttlOAt  Accounrior  ih«  vsMetion  of  ihe  t  lauve  volatiUtiti 
«nd  •nihilptff  with  pfottwrt. 
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63  ASRP-2391 


SECRET 


ASD-TDR-63-665,  Part  I 


tABLE  58, 
POINT  NO.  4 


1  nw  PRB88URE  COLUMN  PREBSURE  .  6S  &  P  <  9S  P8IA* 
mow  PRESSURE  COLUMN  PRESSURE  -  265  P81A 
PEED  AIR  SUPERHEAT  -  0  B-T.U. 
wtion  ■  Uijald  Mol  Er*fitl«  Plow 


-  .7788 


.9759 

.9776 

.9697 

.9601 

.9>»e5 

.95W 

.9192 


.6699 

.64^ 

.6551 

■U 

.7999 

:?li5 

.7690 


.005690 

,009906 

.<xrn!» 

.009757 

.otifls 

.01571 

.01924 

.01659 

.01695 

.01709 

.01671 

.01605 

m 

.01319 

.01229 

.01149 

.01062 


.02tfi9 

.01714 

.02277 

.05019 

.03971 

.0919* 

.06959 

.08164 

.09907 

.1170 

.1546 

.1908 

.1692 

.1772 

.1869 

.1944 

.2001 

.2042 


.9426 

.9617 

.9477 

.9506 

.9098 

.6891 

.6567 

.6295 

.7919 

.7582 

,?PW 

.69^ 


.6950 

.6204 

.6112 

.6048 

.6162 


.006670 

.009811 

.009740 

.01969 

.01740 

.02078 

.02360 

.02966 

.02689 

.02714 

.02661 

.02946 

.02590 

.02214 

.02656 

.01675 

.01727 

.01605 

.01488 


.05072 


.05576 

.07285 

.09412 

.1197 

.1491 

.1815 

.2147 

.2479 

.2782 

.5466 

.5609 

.5^ 


.2405 

.5277 

.5242 

.5201 

.9155 

.5101 

.9046 

.49^ 

.4949 

.4906 

.4679 

.4690 

.4855 

.4822 

.4816 

.4814 


.1521 

.9968 

.9567 

.9940 

.9506 

.9269 

.9217 

.9169 

*9112 

.9060 

.9019 

.0972 


.6889 


7 

6 

9 

10 
11 
12 
19 

14 

;i 

19»58 


BOTTOM  StCnON  OF  LOW  PRESSURE  COLUMN 


1665 

.02968 

.7640 

.08608 

.02452 

.8874 

•  .2212 

.0000 

rsB) 

.186? 

5124 

.4468 

.9709 

.6670 

.7242 

.7617 

.7857 

.02966 

.05i?9 

.0^2 

.02922 

.02099 

.01660 

.01971 

.01179 

,7040 

.6562 

.5216 

.4099 

.916$ 

.2992 

.2246 

.2046 

.1609 

.2545 

'.So? 

•5220 

.57» 

.5994 

.6166 

.6162 

.02659 

.02957 

.02017 

.02505 

.02159 

.01692 

.01692 

.01484 

.01488 

.8111 

.7161 

.6148 

.4115 

.9849 

.9685 

.9689 

.8429 

.8940 

.8699 

.887)! 

.9021 

.9125 

.9189 

.9215 

.felj 

.6915 

.6975 

.7001 

1 

2 

1 

1 

I99 

.6018 

HIGH  P 

.009040 

»ERSURE  COL 

.1892 

tlMN 

,6244 

.01277 

.9629 

.4557 

,1879 

F8B> 

.97« 

.004108 

.ozksn 

.9544 

.005599 

.04000 

-  .3724 

.0000 

PBD 

.9944 

.9969 

.9177 

.6992 

.8619 

.6644 

.8490 

.6592 

.8239 

.6192 

.6047 

.7976 

.7919 

.7879 

.7636 

.7606 

.7899 


.009599 

.006900 


.009904 

.009947 

.01021 

.0109? 

.01094 

.01027 

.01019 

.009999 

.009641 

.009664 

.009996 

.00^00 

.009996 


.04000 

.09682 

.07452 

.09197 

.1092 

.1297 

.1406 

.1944 

.1665 

.1766 

.1692 

.19^ 

.1969 

.2090 

.2069 

.2100 

.2069 


.9544 

.9270 

.6969 

.8697 

.8419 

.8146 

.7900 

.7676 

.7405 

.7916 

.7176 

.7099 

.6964 


.6779 

.6779 


.009999 

.007969 

.009249 

.01060 

,01162 

.01294 

.01279 

.01901 

.01909 

.01296 

.01279 

,01297 

.01299 

.01209 

,01187 

.01169 

.01166 


.04000 

.06546 

.09229 

.1197 

.1466 

.1729 

.1972 

.2192 

.2966 

•2954 

.2696 

.2619 

.2915 

.2995 

.9057 

.5106 

.9109 


.7989 

•7249 

.7109 

.6960 

.6860 

.6792 

.6697 

.6576 

.6907 

.6490 

.6405 

.6969 

.6399 

.6910 

.6291 

.6276 

-  .6276 


1.111 

1.097 

1.089 

1.070 

1.0M 

1.048 

1.098 

1.090 

1.029 

1.017 

1.019 

1.009 

1.006 

1.005 

1.002 

1.0000 

.0005 


11 

12 

15 

19 


HEAT  EXCHANGER  DUTIES  -  B.t.y./Lb.  inolo  food 
OR  1660.  QC  606,  QS  66 


*  These  ealculotions  occouni  lor  the  variation  of  the  relative 
volatilities  ond  enthalpies  with  pressure. 
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63  ASRP-2391 


SECRET 


TABLE  59 


m 


•itt?  t&Mfciiiirtrt  nwom 


ASD-TDR-63-665,  Part  I 


POINT  NO.  5 

LOW  PRESSURE  COLUMN  PRESSURE  -  65  5  P  5  B2.3  PSIA* 
HlOH  PRESSURE  COLUMN  PRESSURE  -  265  PSIA 
PEED  AIR  SUPERHEAT  -  0  B.T.U. 


Vapor 

KOl 

motion 

Liquid 

Mol 

motion 

plov 

Qiaani 

K 

A 

0 

N 

A 

0 

L 

V 

TOP  SEOTIQN  OF  LOW  PRESSURE  COLUMN 


.9506 

.005218 

.04400 

1.000 

.0000 

.0000 

.OOCO 

-  .7560 

.9597 

.003973 

,03637 

.9046 

,007094 

.08832 

.2536 

.  .1382 

TEED 

.9495 

.9206 

.6646 

.6449 

.6051 

.7701 

.009402 

,007499 

,009346 

,01069 

.01135 

.01137 

.04513 

.07194 

.1058 

.1444 

.1635 

.2186 

.9303 

.8822 

,8219 

.7953 

,6838 

.6215 

.6916 

.006051 

.009518 

.01264 

.01497 

.01620 

.01632 

.01475 

.06370 

.1083 

.1655 

.2318 

.3000 

.3622 

.3337 

.5706 

.5603 

.5482 

.5554 

.5235 

.5138 

.9348 

.9245 

.9124 

.8996 

.8877 

.8780 

1 

2 

1 

5 

4.24 

BOTTOM  SECTION  OF  I.OW  PRESSURE  COLUMN 

.4572 

,02224 

,9206 

.2933 

.02236 

.7243 

.  .2440 

.0000 

FEED 

.4572 

.6854 

.7516 

.7923 

.8239 

,02224 

,01900 

,01514 

,01208 

,01009 

,9206 

,3576 

.2532 

.1956 

.1660 

.4009 

:^^9 

.6912 

.6757 

.6516 

.02227 

.01991 

.01705 

.01477 

.01325 

.01475 

.5773 

.4569 

.3781 

.3340 

.5110 

.5537 

.8767 

.9016 

.9208 

.9521 

.9394 

,6327 

.6576 

.6767 

.6681 

.6955 

1 

2 

3 

4 

5.01 

.6105 

,008924 

.1809 

.6296 

.01287 

.5575 

,4111 

.1970 

FSED^ 

HIGH  PRESSURE  COLUMN 

.9528 

.001*440 

,04280 

.9240 

.005993 

,07000 

-  .5916 

,0000 

FEED 

.9240 

.8442 

.8232 

.8057 

.7917 

.7806 

.005993 

,007245 

.006179 

.006817 

.009201 

.009366 

.009438 

.009400 

.07000 

.09727 

.1293 

.1470 

.1676 

.1849 

.1989 

.2100 

.9240 

.8790 

.8555 

.7956 

.7606 

.7711 

.7072 

.6832 

.005993 

,007969 

.009479 

.01054 

.01119 

.01153 

.01164 

.01159 

.07000 

.1151 

.1550 

.1939 

,2282 

.2573 

.2812 

.3002 

.6970 

.6768 

.6769 

.6437 

.6314 

.6216 

.6140 

.6082 

1.089 

1.069 

U091 

1.0^6 

i.oa; 

I.OIJ 

1.006 

1,000 

1 

2 

1 

5 

6 

7 

.7916 

,009438 

.1989 

.6882 

.01159 

.JOOB 

-  .6082 

.0000 

FEES 

.7*06 

,009400 

.2100 

1.0C0 

.0000 

.0000 

.oox 

1.000 

FEED 

HEAT  EXCHANGER  DUTIES  -  B.l.u./Lb.  mole  teed 


J 


i 


QR  1662,  QC  720,  QS  57 


*  These  calculations  account  for  the  variation  of  the  relative 
volatilities  and  enthalpies  with  pressure. 
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ASD-TDR- 63-665,  Part  I 


TABLE  60 
POINT  NO.  6 


I.OW  PRESSURE  COLUMN  PRESSURE  -  56. S  ^  Pi  t6-5,PSlV 
Hiofi  PRESSURE  COLUMN  PRESSURE  -  225  P51A 
^^■Kn  AIR  SUPERHEAT  -  0  B.T.  IL, 


78  B.t.u./1-h.  Mote  Feed  Shelf  $ubcoollng 


Vapor 

Hoi  Fraction 

Liquid 

Kol  Fraction 

Flaif 

quan. 

H 

A 

o 

U 

A 

0 

L 

y 

rno  ernTtON  OF  I.OW  PRESSURE  COLUMN 

.9102 

.00424) 

.01755 

1.000 

.0000 

.0000 

.0000 

-  .7788 

FSS> 

.9709 

.00)021 

.01610 

.9479 

.00)662 

.04647 

.2947 

.06699 

FEED 

.9787 

.9099 

.004)29 

.00619) 

.01700 

.02)9) 

.9655 

.9482 

.92CO 

.9016 

.8682 

.8279 

.7021 

.77)7 

.6864 

.64)6 

.608) 

.6284 

.004941 

.00812) 

.0114) 

.05178 

.04)66 

.06050 

.565' 

.5627 

.5595 

*9622 

.9596 

.9565 

1 

2 

.9582 

.9429 

.92)8 

.9010 

.8757 

.846) 

.8227 

.7996 

.7805 

.0001)2 

.01004 

.01177 

.01)15 

.0140) 

.014)0 

.01)99 

.01)2) 

.01220 

.0)5/1 

.047(A 

.06442 

.06568 

.110? 

.1)72 

.167) 

.1872 

.207) 

.01475 

.01779 

.02027 

.02109 

.02249 

.02206 

.02060 

,01905 

.01699 

.08)61 

.1140 

.1518 

.1960 

.24)9 

.2916 

.5574 

.5727 

.)546 

.5412 

.55)5 

,5254 

.)162 

.5122 

.5075 

.9515 

.9455 

.9)85 

.9)04 

.9225 

.9155 

.9092 

.9045 

1 

1 

7 

8 

9 

10 

9.27 

BOTTOM  SECTION  OF 

■■OW  PBESSURE  COLUMN 

.1694 

.0)56) 

.7770 

.08)05 

.02755 

.8874 

•  .2212 

.0000 

FES) 

.1694 

.61)9 

.7000 

.7660 

.7989 

.05)6) 
.0)527 
, 0)227 
.02657 
.02075 
.01617 
.01)10 

.7770 

.6)56 

.4861 

.5595 

.271) 

.2179 

.1060 

.16)0 

.26^ 

.)85i 

.4800 

.562) 

.6064 

,6747 

.6284 

.0)210 

.0)))) 

.0)112 

.02681 

.022)5 

.01801 

.01642 

.01699 

.6049 

.6982 

.58)8 

.^52 

.4154 

.5728 

.5489 

.5546 

.6766 

.8902 

.9092 

.9294 

.9459 

.956) 

.9617 

.6555 

.6690 

.6879 

.7082 

.7246 

.7)51 

.7405 

1 

2 

5 

4 

1 

5.76 

.8091 

.009097 

.1016 

.6219 

,01 )20 

.5649 

.4J»96 

.1687 

FEED 

HIGH  PRESSURE  COLUMN 


.97)6 

.00)557 

.02202 

.9549 

.005060 

.04000 

.9)45 

.006418 

.05908 

.9129 

.007560 

.0795) 

.8909 

.008478 

.1006 

.8694 

,009158 

,*214 

.6492 

.009560 

.141) 

.8)06 

.00977) 

.1594 

.0147 

,1754 

.8011 

.009/45 

.1892 

.7098 

.009594 

.2006 

.7806 

.009400 

.2100 

,7897 

.009594 

,2007 

.7006 

.009400 

,2100 

9549 

,005060 

.04000 

95i»9 

.005060 

.04000 

92)4 

,00715) 

.06941 

.8897 

.006954 

.1014 

.8549 

,01040 

,1547 

.820) 

.01148 

.1682 

.707) 

.01219 

,2005 

,7571 

.01257 

.2)05 

.7305 

*01268 

.2569 

.7076 

.01259 

.2798 

.608= 

.012)7 

.2991 

.67)0 

.01208 

.5149 

.67)0 

,01209 

.5150 

,000 

,0000 

.0000 

)017 

.0000 

FEB) 

7195 

1.101 

7052 

1.087 

1 

6909 

1.07) 

2 

.6772 

1.059 

5 

.6645 

1.046 

4 

.6530 

1.0)5 

5 

.&3S 

1.025 

6 

.6349 

1.017 

I 

.6681 

1.010 

0 

.6226 

1.004 

9 

.618) 

1.000 

10 

.618) 

,0000 

FEED 

.0000 

1.000 

FEED 

HEAT  EXCHANGER  DUTIES  -  B.i.u./Lb.  mole  l-eo 


OR  I7')S,  C?C  616,  OS  69 
03L  78 


•  These  calculations  accouni  lot  the  varloUon  of  the  iclatWe 
voialllillcs  >11111  enth<)l|i|ps  v/|ih  pii-ssuie. 
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SECRET 


ASD-TDR-63-665,  Part  I 


y.:. 


TABLE  61 
POINT  NO.  7 


t.OW  PRESSURE  COLUMN  PRESSURE  -  56.  S  P  76.5  PSIA* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  22S  PSIA 
FEED  AIR  SUPERHEAT  -  0  B.T.U. 

G0%  EKlclent  Turblno  Expansion  o{  Kettle  and  Shelf  Streams 


Vapor 

Mol  Fraotlon 

Liquid 

Hoi  Fr&ctlon 

plow 

Quan. 

N 

A 

0 

N 

A 

D 

L 

y 

TOP  SECTION  or  LOW  PRESSURE  COLUMN 

1 

.9782 

.004230 

.01755 

1.000 

.0000 

.0000 

.0000 

.  .7788 

PEED 

,9778 

.003137 

.01905 

.9453 

.005871 

.04684 

.2665 

.1132 

PEED 

.9785 

.9699 

.9585 

.9437 

.9253 

.9033 

.8787 

.8530 

.8280 

.0033 

.7668 

,004347 

.006183 

.008079 

.009937 

.01162 

.01295 

.01360 

.01407 

.01379 

.01608 

.01210 

.01712 

,02392 

.05345 

.04636 

.06311 

.08372 

,1075 

,1530 

-.1582 

.1614 

.2011 

.9626 

.9479 

.9281 

.9023 

.8699 

.8309 

.7866 

.7398 

.6939 

.6523 

.6172 

.6316 

.005000 
.0081 54 
.01145 
.01467 

.01763 

.02004 

.02163 

.02223 

.02184 

.02066 

.01896 

.01672 

.03222 

.04396 

.06048 

.08301 

.1125 

.1491 

.1917 

.2379 

,2842 

.3271 

.3638 

.3516 

.5562 

.5539 

.5505 

.5459 

.5401 

.5332 

.5257 

.5182 

.5112 

.5055 

.5007 

.9532 

.9509 

.9475 

.9450 

.9572 

,9305 

.9228 

.9152 

.9085 

.9024 

.8978 

1 

2 

3 

ii 

5 

6 

7 

8 

9 

10 
9.41 

BOTTOM  SECTION  OF  LOW  PRESSURE  COl.U^N 


.1893 

.05369 

.7770 

.1895 

.03369 

.7770 

.3290 

.03533 

.6757 

.4814 

.03253 

.4862 

.6136 

.02663 

,3596 

.7070 

.02078 

,2714 

.7656 

.01621 

.2180 

.7987 

.01313 

.1861 

.06500 

.1630 

.26611 

.3650 

.4879 

.5621 

.6065 

.63UG 

.6316 


.02760 

.03215 

.05541 

.03118 

.02666 

.0223? 

.0186U 

.01645 

.01672 


,6874 

.6049 

.6962 

.5659 

.4652 

.4155 

.3726 

,3490 

.5516 


.2212 

.6768 

.6902 

.9092 

,9295 

.9460 

.9565 

.9619 


.0000 

.6555 

.6690 

.6879 

.7082 

.7247 

.7752 

.7407 


I. 

5 

C 


i 


.0109 

.009059 

,1600 

.6247 

,01314 

.5622 

.4579 

.1604 

HIGH  PRESSURE  COLUMN 

.9756 

.005537 

,02282 

.9549 

,005060 

,04000 

-  .5017 

.0000 

.9549 

.9545 

.9129 

.0909 

.8694 

.8492 

.8300 

.8147 

.8011 

.7896 

,7806 

liiiiiriiii 

.04000 

,05908 

.07953 

.1006 

.1214 

.1415 

.1594 

.1754 

.18^ 

.2006 

.2100 

.9549 

.9254 

.8697 

.8549 

.8205 

.7873 

.7571 

.7305 

.7076 

.6865 

.6730 

.005060 

.007155 

,000954 

.OlOliO 

.01)48 

,01219 

.01257 

.01268 

.01259 

.01257 

,01200 

.04000 

,0694) 

.1014 

.1547 

.1682 

.2005 

.2303 

.2569 

,2796 

.2991 

.5149 

.7193 

,7052 

.6909 

.6772 

.6645 

.6530 

.6432 

.6349 

.6201 

.6226 

.6103 

1.101 

1.067 

1.073 

1.059 

1.046 

1.055 

1.025 

1.017 

1,010 

1.004 

1.000 

.7677 

.009594 

.2007 

.6750 

,01200 

.3150 

.  .6103 

.0000 

.7606 

.009400 

,2100 

1.000 

.0000 

.0000 

,0000 

1.000 

2 

5 

4 

5 

6 
7 
6 

9 

10 


FEED 


HEAT  EXCHANGER  UUTICS  -  B-l.-.  /Lb.  mule  K-lJ 
QR  1795.  OC  656,  OS  69 
QTS  17,  QTK  20 


*  These  cdlculettons  account  (or  iho  variation  of  (ho 
relative  volatilities  and  cntholplcs  with  Kossurc. 
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ASD-TDR-63-665,  Part  I 


TABLE  62 
POINT  MQ.  S 

LOW  PRESSURE  COLUMN  PRESSyRE  -  S6.S  ^  P  ^  76. S  PSIA* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  22S  PfilA 
FEED  AIR  SUPHERHEAT  -  O  B.T.U. 


60%  EFnClENT  TUJIBINE  EXPANSION  OF  KETTl-T.  AND  SHT:T.F  STREAMS 
78  B.T.U./LB.  -  MOLE  TEED  SHELF  SUBCOOUNG 


Vk{«r  Mol  Pnctimi 


Liquid  liol  Fraction 


Flow 


H 

A 

0 

M 

A 

0 

L 

TOP  SECTION  OF  LOW  PRESSURE  GOUIMN 

.9762 

.004237 

.01755 

1.000 

.ooco 

.0000 

.0000 

.979s 

.002968 

.01784 

.9466 

.005603 

.04581 

.3024 

.970? 

.004309 

.00614$ 

.01678 

.02343 

.9634 

.94^ 

.004918 

.006080 

.031 

.64312 

.5563 

.5341 

.9598 

«0080$1 

.009925 

.03276 

.04343 

.9S95 

.9040 

.01157 

.01U63 

.05929 

.08138 

:'35?3 

.926! 

.01162 

.06192 

.8720 

.01763 

.1104 

.5405 

.904? 

.01299 

.08227 

.8554 

.02009 

.146; 

.6603 

.0130? 

.1056 

.7695 

.02174 

.1667 

.3262 

.6546 

.01416 

.1312 

.7420 

.02240 

.2548 

.5'67 
.51 17 

.629! 

.01593 

.1965 

.6968 

.02206 

.2811 

.6069 

.01323 

.1756 

.6549 

.02090 

.3242 

.5057 

.5010 

.7679 

.0122$ 

.1998 

.6194 

,01®3 

.3614 

.6311 

.01676 

.3522 

.7708 


.07950 

.9551*. 

.91*55 

.9576 

.950B 

.9855 

.9157 

.9007 

.9027 

.8900 


I 

7 

6 

9 

10 

9.5> 


BOTTOM  SECTION  OF  LOW  PRESSURE  COLUMN 


.1893 

.05366 

.7770 

.00505 

.02757 

,0874 

•  .2212 

.0000 

FOD 

.1693 

.03366 

.7770 

.1650 

.03212 

.05558 

.8049 

.0768 

.6555 

.3291 

.(81! 

.03530 

.6596 

.6982 

.5858 

.8902 

.6690 

1 

.03230 

*4062 

.3650 

.03115 

.9092 

.6880 

2 

.6136 

.02660 

.5596 

.4879 

.02685 

.4652 

.9295 

.7063 

3 

.7078 

.02076 

.2714 

.5622 

.02255 

.4155 

.9460 

,72**8 

4 

.01620 

.2100 

.6084 

.01605 

.3720 

.9565 

.7353 

.7407 

5 

.01311 

.1081 

.6346 

.6311 

.0l6t4 

.01676 

.3490 

.5522 

.9620 

6 

5.87 

.8109 

.009030 

.1001 

.6247 

.0151*1 

.5622 

.4560 

.1603 

FTSD 

HIGH  PRESSURE  COLUMN 


.005557 

.02282 

.9549 

.005060 

.04000 

-  .5817 

.0000 

feed 

9549 

•005060 

.04000 

.9549 

.005060 

.04000 

.7195 

1.101 

9545 

.006416 

.05906 

.9254 

.007155 

.06941 

.7052 

1.067 

1 

9129 

.007566 

.07953 

.8897 

.008954 

.1014 

.6909 

1.073 

2 

090? 

.008476 

.1006 

.0349 

.01040 

.1347 

.6772 

1.059 

5 

.66$ 

.009156 

.1214 

.0205 

.01148 

.1682 

.6645 

1.046 

4 

.8492 

.009560 

.1415 

.7073 

.01219 

.2005 

.6550 

1.035 

5 

.8306 

.009773 

.1594 

.7571 

.01257 

.2305 

*6432 

.63^ 

1.025 

6 

.8147 

.009816 

.1754 

.7305 

.01268 

.2569 

1.017 

7 

.6011 

.009745 

.1692 

.7076 

.01259 

.2798 

.6201 

1.010 

6 

.7890 

,009594 

«o(q4oo 

.2006 

.6885 

.01257 

.2991 

.6226 

1.004 

9 

.7806 

.2100 

,6750 

.0)206 

.3149 

.6183 

1,000 

10 

.7097 

.009594 

.2007 

.6730 

.01208 

.3150 

..  ,6105 

.0000 

FEED 

.TSoe 

.21‘y'  t_nnn 

HEAT  EXCHANGER  DUTIES  - 

nmn 

B .  i.u  ./Lb . 

.nnnn 

mole  feed 

.0000 

1.000 

FEED 

QR  I79S,  QC  579,  QS  69,  QSL  78,  QTS  17,  OTK  20 


*  Titese  cfllculsttons  account  for  the  variation  of  the  relative  volotilUloB 
orKi  enthalpioa  with  pressure. 
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ASD-TDR-63-665,  Part  I 


TABLE  63 


POINT  NO.  9 

T  OW  PRESSURE  COLUMN  PRESSURE  -  65  -  P  -  95  PSIA* 
HtOH  PBESSURE  COLUMN  PRESSURE  -  234  PSIA 


Vkpor 

N 

.9782 

.9770 

.9783 

.9705 

.9M5 

.9I»81 

.9332 

.9158 

.8965 

.8782 

.8559 

.6368 

.8193 

.8058 

.7963 


.1807 

.1807 

.30a 

.1^8 

.5718 

.6676 

.7518 

.7711 

.7940 

.W2 


Mol 

A 


Prftctlon 


FEED  AIR  SUPERHEAT  -  O  B.T.U,. 
Liquid  Mol  fraction 


,004277 


.003212 


0  M  A 

TOP  SECTION  or  LOW  PRESSURE  COLUMN 

1.000  ,  0000 


.017W 


.01983 


.0000 


.9450 


.00440/  .01727  .9627 

.008173  .023Jr  .9490 

.007946  .03156  .9316 

,00^8  .04222  .9098 

.01117  .05563  .8834 

.01241  .07175  .8524 

.01327  .09019  .8178 

.01368  .1101  .7606 

,01365  .1305  .7433 

.01325  .1500  .7080 

.01258  .1676  .8765 

.01175  .1827  .  6498 

.01080  .1948  ,8286 

.8370 

BOTTOM  SECTION  OF  LOW 


.005876 

,005021 

.008088 

,01118 

.01416 

.01687 

.01910 

.02089 

.02151 

.02155 

.02091 

.01977 

.01832 

,01677 

,01550 

PBESSUBE 


.04916 

.03226 
,04290 

.05723 
.07599 
.09972 
.1285 

.1617 

.2711 

.3039 

.33,1? 

-.18 

C01.UMN 


.03328 

.03326 

.03526 

.05318 

.02838 

.02294 

.01830 

.01492 

,01268 

,01124 


.7881 

.7861 

.6587 

,5220 

.4004 

.5095 

,2499 

,2140 

‘'PI 

.1816 


.08517 

.1587 

.2514 

.357? 

.4556 

.5314 

.5824 

.6137 

-.nit 

.6370 


.02743 

,03180 

.05555 

.0317? 

,02816 

.02599 

.02041 

.01779 

.01604 

.01494 

.01550 


.8874 

.6115 

.7155 

.61(77 

.597' 

.5885 

.5476 


FlOV 

L 

,0000 

.2572 

.5525 

.5445 

.5400 

•5547 

.5286 

.5228 

.5170 

.5119 

.5075 

.5042 

.5018 


.2212 


.8945 

.9112 

.9580 

.9879 


-  .7788  PEED 


.1167 

.9573 

.9555 

.9529 

.9493 

.9448 

.9395 

.9557 


.92  . 
.9167 

.9124 

.9090 

.9087 


,0000 

.6615 

.6732 

.6900 

.7088 

.7252 

.7367 

.7455 

.7461 

.7466 


Wi  I 


9 

18 

11 

12 

11,54 


7.49 


( 


.8073 

.0091  SO 
HIGH 

.1835  •6506 

PRESSURE  COLUMN 

.01 301 

.5562 

,4642 

.1619 

mcmj 

.9755 

.00356U 

.02315 

.9550 

.005044 

.04000 

-  .5759 

.0000 

7EZD 

.9550 

.9349 

.9157 

.8920 

.8707 

.8505 

.8321 

.8158 

,8018 

.7901 

.7806 

.oo5oia» 

,006367 

.007495 

,00&396 

.009058 

.009491 

.009720 

.007/83 

.007/24 

.009585 

.009400 

.04000 

.05871 

.07801 

.09957 

,1202 

.1400 

.1562 

.1744 

.1805 

,2003 

.2100 

.9550 

.9^ 

.8917 

.8578 

.8240 

.7918 

.7616 

.7349 

.7119 

.8925 

.6765 

88000000000 

.04000 

.06649 

.09950 

.1520 

.1647 

,1964 

.2260 

.2525 

.2757 

.2955 

,5115 

,7297 

.7155 

,7012 

.6675 

.6745 

.6626 

.6525 

.6437 

.6365 

.6308 

.6261 

1.104 

1.069 

1.075 

1.061 

1.048 

1.036 

1.026 

1.018 

1.010 

1.005 

1.000 

1 

2 

1 

1 

1 

9 

10 

.7901 

.009586 

.2005 

,6765 

♦01200 

.5115 

■  .6261 

.0000 

FEED 

.7806 

.009400 

.2100 

1.(X)0 

.0000 

.0000 

,0000 

1.000 

FBED 

HEAT  EXCHANGER  DUTIES  -  B.l.u./Lb.  molo  feed 


QR  1765,  QC  663,  QS  88 


*  Those  calculations  account  for  the  variation  of  the  relative  volatilities 
and  enthalpies  with  pressure. 
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SECRET 


ASD-TDR-63-665,  Part  I 


TABLE  64 
POINT  NQ.  10 


LOW  PRESSURE  COLUMN  PRESSURE  65  -  P-  95  PSIA* 
PRESSURE  COLUMN  PRESSURE  -  245  PSIA 


Va{>or  Mol  motion 

N  A  1> 

TOP  SECTION 


.9782 

.004251 

.01755 

.9767 

.003225 

.02006 

.978U 

.004360 

.01724 

.9707 

.006095 

.02322 

.9611 

.007784 

.03110 

.9U95 

.0093rd 

.04118 

.9356 

.01077 

.05364 

.9197 

.01190 

.06843 

.9022 

.01266 

.08517 

.8836 

.01304 

.1032 

.8655 

.01303 

.1215 

.8458 

.01286 

.1413 

.8306 

*01222 

.1572 

.8177 

.01145 

.1706 

.8074 

.01065 

.1819 

.8027 

.009778 

.1875 

rpnn  AIR  SUPERHEAT  -  Q  B.T.U 
Liquid  Mol  Prmctlon 

N  A  0 

inw  PRESSURE  COLUMN 


.000 

.0000 

.0000 

.9444 

.005898 

.049^^2 

•9628 

.004999 

.0t2l6 

.9491 

.006039 

.04281 

.9321 

.01105 

.05689 

.9111 

.01590 

.07500 

.8860 

.01643 

.09754 

.8570 

.01850 

.1245 

.6248 

.01995 

.1552 

.7907 

.02071 

.1865 

.7565 

.02077 

.2227 

.7192 

.02056 

.2602 

.6905 

.01945 

.2902 

.6658 

.01806 

.5161 

.6461 

.01662 

.3375 

.6308 

.01522 

.3539 

.6387 

.01483 

.5465 

rlov  Qu«n. 
L  V 


.0000 

-  .7766 

FEED 

•2449 

.1194 

PEED 

.5395 

.5374 

.9538 

.95'8 

1 

.5347 

.9^92 

2 

.5315 

.9457 

? 

.5271 

.9415 

4 

.5222 

.9366 

5 

.5168 

.9515 

6 

.5115 

.9238 

7 

.5061 

.9205 

8 

.5005 

.911*9 

9 

.4966 

,9110 

10 

.4935 

.9079 

11 

.4912 

.9057 

12 

.4725 

.8868 

15 

12.05 

#1805 


BOTTOM  SECTION  OF  LOW  PRESSURE  COLUMN 
.03357  .7861  .06508  .0275&  .887U 


.1805 

.03557 

.7861 

.1361 

.03186 

.3051 

.03557 

.6596 

.2497 

.03559 

.4424 

.5675 

.03351 

.5243 

.5540 

.^OS 

.03188 

.02857 

.4041 

.02831 

.6^ 

.02510 

.3141 

.5252 

.02416 

.7265 

.01854 

.2549 

.5756 

.02065 

.01520 

.2191 

.6067 

.01608 

.01296 

.1984 

.6246 

.01655 

.8019 

.01154 

.1666 

.6587 

.01526 

.0095 

.01066 

.1790 

.01459 

.01483 

.8120 

.8670 

.6457 

.7169 

.67« 

.6572 

.6141 

.8948 

.6736 

2 

.3212 

.9130 

.6918 

5 

.4307 

.9290 

.7078 

4 

.4038 

.9405 

.7191 

9 

.9469 

.9499 

.7256 

.7286 

6 

7 

.9506 

.9500 

8 

9 

.5465 

6.63 

.6081 

,009098 

U!GiL 

.1828  .6316 

PRESSURE  COLUMN 

.01299 

.5554 

.4589 

.1768 

rasD 

.9729  • 

.005596 

.02554 

.9550 

.005022 

.04000 

-  .3643 

.0000 

RSD 

.9550 

.005022 

.04000 

.9950 

.005022 

.04000 

.7416 

1.106 

.9554 

,006303 

.05826 

.9257 

,006944 

,06741 

.7273 

1.092 

1 

.9147 

.007401 

.00^66 

.07709 

.6941 

.006616 

.7132 

1.077 

2 

.8935 

.05826 

.8614 

.009990 

.6992 

1.063 

3 

.8724 

.006992 

,00^00 

.1186 

.6266 

.01104 

.1604 

.6860 

1.050 

4 

.8525 

.1585 

.7968 

.01176 

.1915 

.6741 

1.038 

5 

.8357 

.009649 

.1567 

.7671 

.01219 

.2207 

.6635 

1,028 

6 

.8171 

.009739 

.1731 

.7404 

.01236 

,2472 

.6545 

1.019 

7 

.8028 

.009697 

.1975 

.7171 

.01255 

,2706 

.6469 

1.011 

8 

.7906 

.009574 

.1998 

.6972 

.01216 

.2906 

.6407 

1.005 

9 

.7806 

.009400 

.2100 

.6807 

,01191 

.3074 

.6357 

1.000 

10 

.7906 

,009574 

.199S 

.6807 

.01191 

.3074 

-  .6357 

•0000 

nzD 

.7806 

.009400 

.2100 

1.000 

.0000 

,0000 

,0000 

1,000 

FBD 

XJ\j 

r..: , 

QR  17ZS,  QC  661,  QS  86 


*  These  calculations  account  for  the  variation  of  the  relative  volatilities 
artd  enthalpies  with  pressure. 


505 


63  ASRP-2391 


SECRET 
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ASD-TDR-63-665,  Part  I 


TASLE  6S 
POIMT  WO.  11 

LOW  PRESSURE  COLOMM  PRESSURE  6S  ^  P  -  9S  PSIA* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  ZbS  PSlA 
FEED  AIR  SUPERHEAT  >  O  B.T.U. 
ion  URUld  Mol  Fraction 


Flow  Quw« 


N 

A  0 

TOP  SECTIOM  or 

E  E 

ijOW  pressure  column 

u 

L  V 

=  i 

.9778 

.004662 

.01755 

1.000 

.0000 

.0000 

,0000  .  ,7768 

RBD 

J 

.9763 

.003257 

.02048 

.9453 

.005992 

.05075 

.2235  .1229 

FBa> 

.9780 

.004866 

.01717 

.9626 

.009292 

.5157  .9481 

V 

.9702 

.006879 

.02295 

.91>84 

.008991 

.9134  .9498 

1 

,9609 

.006783 

.0302? 

.9319 

.01247 

.05627 

.5106  .9429 

2 

- 

.9902 

.01052 

.03931 

.9111 

.01572 

,07520 

.5072  .9995 

? 

.9978 

.01202 

.05014 

.6879 

.01859 

.09559 

.5092  .9596 

.4989  .9912 

4 

.9242 

.01319 

.06262 

.6619 

.02079 

.1175 

1 

.9096 

.01400 

.07644 

.02298 

.1457 

.4949  .9266  ' 

6 

•8949 

.01442 

.09108 

.02929 

.1719 

.4896  .9220 

7 

.6-/96 

.01448 

.1059 

.7759 

.0C94)i 

,2007 

.4632  .9175 

8 

.6655 

.01422 

.1202 

.7489 

.02903 

.2287 

.4811  .9199 

9 

.8926 

,01574 

■MU 

.725a 

.02217 

.2947 

.4776  .9100 

10 

.8417 

.01311 

.7011 

.02102 

.2779 

.4747  .9071 

11 

.8329 

.01249 

.1952 

.6829 

.01974 

.2977 

.4724  .9048 

12 

.6248 

.01174 

•  1635 

.6676 

.01649 

.9140 

.47crr  .9091 

]} 

.8189 

.01109 

.1700 

.6599 

.01729 

.92^ 

.4696  .9019 

.4688  .9012 

1U 

-■ 

.614) 

.01052 

.1750 

.6471 

.OI6I3 

.>567 

■ 

.8113 

.01002 

.1767 

•6408 

.01519 

.9440 

.4685  .  9008 

.46$  .9006 

16 

.8090 

.009611 

.1814 

.6964 

.01499 

.9492 

11 

.8075 

.009279 

.1832 

.6999 

.6994 

.01374 

.01960 

.5927 

.5910 

.4686  .9010 

18 

17.19 

BOTTOM  SECTION  QE  LOW  PRESSURE  COm.MN 


.1834 

.05191 

.7850 

.06659 

.02601 

.8874 

•  .2212 

.0000 

.09151 

.7050 

.1560 

.09006 

.61 19 

.8424 

.6211 

.05592 

.6589 

.2906 

.09142 

.7178 

.8540 

n 

.4438 

.05195 

.5248 

.5550 

.02999 

.6170 

.8700 

.9659 

.6566 

.02695 

.4072 

.4464 

.02671 

.5269 

.8876 

.02200 

.9194 

.5164 

.02296 

.4586 

.9090 

.^18 

.7209 

.01770 

•2617 

.5671 

.01977 

.4192 

.9ll^ 

.6928 

.7986 

.01470 

.2267 

.9971 

.01741 

,9207 

.6999 

.7810 

.01263 

.20& 

.6148 

.01585 

.9241 

.7026 

.7939 

.01131 

.194c 

.6248 

.01482 

.9604 

.9295 

.7040 

.8014 

.01049 

.1881 

.6304 

,01420 

.9959 

.9292 

.7040 

.8057 

.009992 

.1843 

.6336 

.01985 

.9529 

.9249 

.7092 

.eo9» 

,0096^ 

.1819 

.6354 

.6954 

,01360 

.01360 

.5910 

.5910 

.9299 

.7061 

.8099 

.009031 

.1811 

.6950 

.01  >^91 

.9521 

.4950 

.1906 

nsD 


\ 

i 

5 

u 

5 

6 


I 

9 

10 

II 

11,00 


i 


mo-.i  PRESSURE  COLUMN 


9721 

.009665 

•O&iZl 

.9550 

.004996 

.04000 

-  .9464 

.0000 

FBO) 

9950 

,004996 

.04000 

.9550 

.004996 

.04000 

•7651 

1.112 

9364 

.006100 

.05745 

.9278 

.006755 

.06^6 

.7509 

1.097 

4  1 

9169 

.00724J 

.07fe5 

.8984 

,008901 

.09950 

.7964 

1.065 

8 

8960 

,006104 

.09591 

.6677 

.009595 

.1227 

.7222 

I.O69 

3 

e79* 

.008767 

.1158 

.8365 

.01061 

.1529 

.7089 

1.055 

4 

6955 

.009234 

.1959 

.8059 

.01194 

.1627 

.6959 

1.042 

9 

6967 

,009516 

.1530 

.7769 

,01101 

.2119 

1.091 

6 

8197 

.0098>3 

.1707 

•7502 

,01203 

.2978 

•6747 

1.081 

7 

.8046 

.009643 

.1858 

.7264 

.01206 

.2615 

.6t69 

1.013 

6 

.7916 

.009551 

.'909 

.7057 

,01194 

.6599 

1.006 

9 

.7806 

.009400 

•2100 

.6862 

.01179 

.9001 

.6996 

1.000 

10 

7916 

.009591 

.1989 

.6662 

.01179 

.3001 

■  .6536 

.0000 

FEED 

.T'-oC 

.C03%50 

.2150 

; 

^/wn 

.nfvy> 

1  .fro 

*ppn 

HEAT  EXCHANGER  DUTIES  •  b.t.u./Ui.  molt;  Iced 
QR  I66i-^QC  6S0.  QS  B8 

*  l^osc  calculoUons  a^ouni  for  the  variallon  of  the  roKUlve  volaHltllcs 
r«rid  onlhalplos  with  pressure. 
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SECRET 


ASD-TDR-63-665,  Part  I 

TARl.E  66 
POINT  NO.  12 

low  PREtSTlRP  COLUMN  PRESSURE  65  -  P  -  95  PSm 
HlOH  PBERSURE  COLUMN  PRESSURE  -24S  PSIA. 


FEED  AIR  SUPERHEAT  -  O  B,T,U 


Vispor 

Kol  Practlm 

Liquid 

Mol  Fraotlon 

plow 

qoan. 

N 

A 

0 

N 

A 

0 

L 

V 

TOP  SECTION  Ori.OW  PRESSURE  COLUMN 

,9688 

.004819 

.03636  i 

.000 

.0000 

.0000 

,0000 

.7867 

FE&D 

.9767 

.003225 

.03006 

.941)4 

.003898 

.04972 

.2449 

.1194 

FSSD 

.9678 

.9495 

,9276 

.9030 

.8773 

.8533 

.8398 

.8111 

.7966 

•005019 

.007095 

.00^47 

.01042 

.01139 

.01185 

.01105 

.01152 

.01101 

.03715 

.04336 

,06343 

.06660 

,1114 

.1359 

.1584 

.1773 

.1933 

.9575 

.9343 

.8841 

.8385 

.7898 

.7423 

.6990 

.6638 

.6546 

.6582 

.005319 

.009078 

.01347 

.01533 

.01709 

,01801 

,01809 

.01753 

,01661 

.01504 

.03719 

.06661 

.1034 

.1465 

.1931 

.3398 

.3639 

.3197 

.3486 

.3467 

.5383 

.5336 

.5158 

.5083 

.5005 

.4935 

.4875 

.4830 

.4799 

.9507 

.9450 

.9388 

.9306 

.9339 

.9199 

.9100 

.9054 

.9035 

1 

2 

1 

1 

7 

8 

7.61 

BOTTOM  SECTtOM 

OP  mw  PRESSURE  COLUMN 

.1839 

.09187 

.7855 

.08630 

.03630 

.8874 

•  .3155 

.0000 

PEED 

.1839 

.9096 

.449s 

.5773 

.6758 

.7577 

.7767 

.7993 

.8133 

.09187 

.09374 

.03168 

.03700 

.03173 

.01737 

,01403 

.01168 

.01053 

,7853 

.6566 

.5185 

.3958 

.3045 

.3450 

.3099 

,1688 

.1773 

.1569 

.3549 

.3634 

.4614 

.5376 

.5884 

.6193 

.6371 

.6471 

.6383 

,03046 

.03193 

.03039 

.03684 

.03379 

.01934 

.01683 

.01516 

.01411 

.01504 

,6106 

.7133 

.6073 

,5"7 

.4396 

.5935 

.3659 

.8593 

.9043 

.9198 

.9303 

.9356 

.93T7 

.9574 

.6459 

.6570 

.6751 

.6910 

.7065 

.7170 

,7335 

.7345 

,7341 

1 

3 

5 

4 

5 

6 

7 

8 

7.11 

.does 

.cc3ce>i 

.1034 

.6505 

,0150c 

.5565 

.4566 

.'79' 

FBH) 

HIGH 

PRESSURE  COLUMN 

0  9729 

.003396 

.03354 

,9550 

,005022 

.04000 

■  .5643 

.0000 

PESD 

.9580 

.9354 

.9147 

:l??5 

.8533 

.8357 

.8171 

,8038 

.7906 

.7806 

.005033 

.006305 

.007401 

,008368 

.008953 

.009400 

.009649 

.009795 

.009697 

.009574 

.009400 

.04000 

,05836 

.07769 

.09836 

.1186 

.1585 

,1567 

.1751 

.1875 

.1998 

.3100 

.9550 

.9357 

.6941 

.6614 

.8386 

.7968 

.7671 

.7404 

.7171 

.6973 

.6807 

,005033 

.006944 

.008616 

.009990 

.01104 

.UII76 

.01319 

.01356 

.01355 

.01316 

.01191 

,04000 

.06741 

.09735 

.1386 

.1604 

.1915 

.3307 

.3473 

.3706 

.3906 

.3074 

,7416 

.7375 

.7153 

.6993 

.6860 

.6741 

.6655 

.6545 

.6469 

.6407 

.6357 

1.106 

1.092 

1.077 

1.065 

1.050 

1.056 

1.026 

1.019 

1.011 

1.005 

1.000 

1 

2 

1 

\ 

7 

8 

9 

10 

.7906  .009574  .1998 


.6807  .01191  .5074 


.6557 


.0000  RED 


.7806  .009400  .3100  1 ,000 


.0000 


.0000  .  0000  1.000  RED 


HEAT  EXCHANGER  DUTIES  -B.l.u./Lb.  mole  feed 
QR  172S,  0CS38.  QS  88 

*  These  calcttlotions  account  for  the  variation  of  the  relative  volatilities 
and  enthalpies  with  pressure. 
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ASD-TDR-63-665,  Part  I 


TABLE  67 
POlNy  NO.  13 

LOW  PRESSURE  COLUMN  PRESSURE  65  -  P  -  9S  PSIA* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  245  PSIA 
FEED  AIR  SUPERHEAT  -  O  B.T.U. 


Vapor  Mol  Fraction  Liquid  Mol  Fraction  Flow  Qunt 


i 

N 

A 

0 

N 

A 

0 

L 

V 

1.. 

1 

TOP  SECTION  or  LOW  PRESSURE  COLUMN 

f" 

4 

.9584 

,005271 

.03636 

l.OOO 

.0000 

.0000 

.0000 

-  .7960 

feed 

i 

.9767 

,003225 

.02006 

.9444 

.005896 

.04972 

,2449 

.1194 

feed 

t 

g 

.9561 

.005529 

.03841 

.9517 

.005569 

.04271 

.5156 

.9473 

‘C. 

,007833 

.06548 

.8972 

.009838 

.09292 

.5062 

.9379 

1 

r 

.8957 

.009677 

.09659 

.8350 

.01333 

.1517 

.4959 

.9276 

a 

- 

.860} 

.01069 

.1288 

.rm 

.01569 

.2136 

.4661 

.9178 

} 

.8298 

.01145 

.1588 

.7110 

.01684 

.2722 

.4778 

.9094 

4 

.804; 

.01148 

.1840 

.6611 

.01698 

.3220 

.4715 

.9032 

5 

.7855 

.01118 

.2033 

.6232 

.01645 

,3604 

.4673 

.8990 

6 

.6422 

,01500 

.5428 

5.17 

BOTTOM  SECTION  OF  LOW  PRESSURE  COLUMN 

.1844 

.03069 

■l&tl 

.08709 

.02551 

.8874 

-  ,2040 

.0000 

feed 

.1844 

.03089 

.7847 

.1611 

.02960 

.8093 

.8501 

.6461 

- 

.5132 

.03269 

.6541 

.2596 

.03099 

.7094 

.6609 

.6569 

1 

t 

.4564 

.03062 

.5130 

,3705 

.0294} 

.6001 

.6768 

.6728 

2 

.5865 

.02593 

.3875 

.4726 

,025014 

.5015 

,6947 

.6907 

3 

.6847 

,02068 

.2946 

.5507 

.02177 

,4276 

.9099 

.7056 

4 

.7491 

.01627 

.2347 

.6022 

.01832 

.5795 

.9197 

.7157 

5 

i 

.7878 

.01309 

.1991 

.6532 

.01583 

.3510 

.9245 

.7204 

6 

1 

,8102 

.01100 

.1788 

.6506 

,01420 

.3350 

.9255 

.7215 

7 

,6422 

.01500 

,3428 

6.51 

.0069 

.009081 

.1820 

.6294 

.01304 

.3576 

.4541 

.1816 

HIGH  PRESSURE  COLUMN 

) 

.9729 

.003596 

.02354 

.9550 

.005022 

.04000 

-  .3645 

,0000 

FEED 

1 

1 

9550 

.005022 

.04000 

.9550 

.005022 

,04000 

.7416 

1.106 

9354 

.006303 

.05O2O 

.9257 

•0069414 

.06741 

.7275 

1.092 

1 

9147 

.007401 

.07789 

.8941 

.006616 

.09725 

.7132 

1.077 

2 

8935 

,008288 

,09826 

.8614 

.009990 

.1286 

.6992 

1,065 

5 

8724 

,008952 

.1186 

.8286 

.01104 

.1604 

.6860 

1.050 

4 

8523 

.009400 

.1383 

.7968 

.01176 

.1915 

.6741 

1.056 

5 

8337 

.009649 

.1567 

.7671 

♦  OI2I9 

.2207 

.6635 

1,028 

6 

8171 

.009735 

.1731 

.740i> 

.01256 

.2472 

.6545 

1.019 

7 

8028 

.009697 

.1075 

.7171 

.01255 

.1706 

,6469 

1,011 

6 

7906 

.00957I( 

.'996 

.6972 

.91216 

.2506 

.64(77 

1.005 

9 

7866 

.009400 

.2100 

.6807 

.01191 

.3074 

.6357 

i.ocx? 

ID 

•7906  .009574  .1998  .  6907 


.01191  .3074  •  .6557 


•OOOC  FEED 


.OOC^fOO  .j'tori  l.nco  .0000  .^0(X> 

HEAT  EXCHANGER  DUTIES  -  B.l.u./Lb.  mole  food 
yH  1725,  QC  013,  QS  33 


1,000 


*  These  calculations  account  tor  the  variation  of  the  relative  volollUllcs 
and  enthalpies  with  pressure. 
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63  ASRP-2391 


I 


SECRET 


ASD-TDR-63-665,  Part  I 


TABLE  68 


POINT  NO.  14 

^  ^  * 

ir>w  PPr-RRIT^E  COLUMN  PRESSURE  -  6S  -  P  -  95  PSIA 
Hir;f4  Par.SSURE  COLUMN  PRESSURE  ■  265  PSIA 

pr.r.n  air  superheat  -  o  b.t.U. 


Liquid  MPl  Frtietion 


Flov  Qu«n» 


N 

A 

0 

N 

A 

1) 

L 

V 

TOP  SECTION  or  LOW  PRESSURE  COLUMli 

.9689 

.004744 

.02636 

1.000 

.0000 

.xoo 

.0000 

.  .7867 

FEED 

.9763 

.003257 

.02046 

.9^53 

,005952 

.05075 

.2235 

.1229 

FBKD 

.9679 

.9504 

.9302 

.9062 

.6857 

.8644 

.8454 

.8296 

.6172 

.6060 

.004937 

.0068?5 

.008538 

.009612 

.01063 

.01101 

.01101 

.01076 

.01035 

.009900 

.02712 

.04266 

.06125 

.0^00 

.1036 

.1246 

.1435 

.1596 

.1724 

.1621 

.9576 

.92‘*5 

.6859 

.6435 

.799ii 

.7569 

.7189 

.6670 

.6618 

.6431 

.6406 

,005279 

.008930 

.01211 

.01459 

.01623 

.01703 

.01710 

.01666 

.01591 

.01504 

.01412 

.03715 

.06655 

.1020 

.1422 

.1845 

.2261 

.2640 

.2964 

.3223 

.5419 

.3453 

.5048 

.4992 

.4927 

.4858 

.4790 

.4728 

.4676 

.4636 

.4608 

.4990 

.9452 

.9395 

.9330 

.9261 

.9193 

.9131 

.9080 

.9040 

.9011 

.8993 

1 

2 

1 

1 

7 

0 

9 

8.74 

.1823 

*1825 

*5077 

«M»54 

.5705 

*6655 

.7286 

.7674 

.7902 

.0035 

.6109 


.05221 

.05221 

.05410 

.03207 

.02746 

.02226 

.01785 

.01460 

.01245 

.01106 

.01024 


.7855 

.7655 

.69^ 

*5229 

.4022 

.3124 

.2535 

.2180 

.1974 

.1856 

.1789 


.08602 

.1977 

.2518 

.5564 

.4527 

.5269 

.5769 

.6075 

.6254 

.6354 

.6411 

.6406 


.02658 

.05C77 

.03220 

.09071 

.02724 

.02529 

.01990 

.01741 

.01576 

.01471 

.01407 

.01412 


.8874 

.8115 

.7160 

.6129 

.5201 

.4498 

.4052 

,5751 

.5589 

.3499 

.5449 

.3453 


.2155 

.0545 

.6452 

.8606 

.8778 

.8927 

.9030 

.9088 

.9112 

.9114 

,9104 


.0000 

.6210 

.6319 

.6473 

.6645 

.6794 

.6898 

.6955 

.6979 

.6961 

.6971 


1 

2 

I 

I 

7 

8 
9 

8.92 


,8105 

.009019 

tllGH  f 

.1805 

‘RESSURE  cc 

.6552 

>LUMN 

.01295 

.5559 

.4509 

.2026 

nzD 

.9721 

.003665 

.02427 

.9530 

.004996 

,04000 

-  .34St 

.0000 

FBED 

.9550 
.9301 
.9' 65 
.8960 
.8754 
.6555 

.8567 

.8197 

.0046 

.7011. 

.7606 

.004996 

,006196 

.007243 

.008104 

.008767 

,009234 

,009518 

.009645 

,009645 

.CO9551 

.009400 

.04000 

.05743 

.07625 

.09591 

.1158 

::5’’3l 

.1707 

.1056 

.I96<i 

.2100 

.9550 

.9278 

.8964 

.0677 

.6365 

.8059 

.7769 

.7502 

.7264 

.7057 

.6802 

,004996 

,006755 

.008301 

.009595 

,01061 

.01154 

.01181 

.01203 

.Oiynf, 

.01194 

.01175 

.04000 

.06546 

.09350 

.1227 

.1529 

.1827 

.2115 

.2378 

.2615 

.2823 

.3001 

.765' 

.7509 

.7564 

.7222 

.7065 

.6959 

.6846 

.6747 

.8663 

.6593 

.6536 

1.112 

I.OSf? 

1*083 

1.069 

1.055 

1,042 

1.031 

1.021 

I.CI3 

1,006 

1.000 

4  1 

2 

3 

4 

5 

6 
7 
C 
9 
10 

.79' 6 

.009551 

.1969 

,6862 

.01175 

.50CI 

-  .6536 

.0000 

FaED 

.7806 

,009400 

.2100 

I.OUC 

,OOCO 

.0000 

.0000 

i.Qoe 

HEAT  EXCHANGER  DUTIES  -  B.t.u./lb.  Mole  Feed 
QR  1661.  OC  634.  OS  88 


*  These  calculations  account  for  iho  voriotton  of  the  relative  volatilities 
and  enthalpies  with  pressure. 
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63  ASRP-2391 


SECRET 


SECRET 


ASD-TDR-63-665,  Parti 


TABLE  69 
POINT  NO.  15 


LOW  PRESSURE  COLUMN  PRESSURE  -  56.5  -  P  -  76.5  PSIA* 
HIGH  PRESSURE  COLUMN  PRESSURE  -  225  PSIA 


FEED  AIR  SUPERHEAT  -  O  B.T.U 


Vapor 

Mol 

Fraction 

Liquid 

KOI 

Fraction 

Flow 

Qoan* 

K 

A 

0 

N 

A 

0 

L 

V 

TOP  SECTION  OF  LOW  PRESSURE  COLUMN 


.9686 

.005015 

,02636 

1.000 

.0000 

.0000 

.0000 

-  .7867 

FEED 

.9775 

.003175 

.01936 

.9445 

.005938 

.04961 

.2605 

.1213 

WfKp 

.9675 

.005248 

.02725 

.9572 

.005449 

.03730 

.5553 

,O‘!04 

.9‘*69 

.007683 

.04540 

.9213 

.009691 

.06902 

.5467 

.9517 

1 

.9207 

.o099'/2 

.06936 

.8749 

.01373 

.1114 

.5385 

.9453 

2 

.8896 

.01105 

.09859 

.8191 

.01712 

.1636 

.5285 

.9535 

3 

.8559 

.01309 

.1310 

.7578 

.01943 

.2228 

.5184 

,923>* 

4 

.8230 

.01 359 

.1634 

.6966 

.02045 

.2827 

.5091 

.9142 

5 

.7939 

.01343 

.1927 

.6424 

.02026 

.3374 

.5015 

.9066 

6 

.7705 

.01282 

.2167 

.5982 

.01924 

.3826 

.4959 

.9010 

7 

.6243 

.01675 

.3589 

6.34 

BOTTOM  SECTION  OF  LOW  PRESSURE  COLUMN 

.193“* 

.05117 

.7754 

.08703 

.02557 

.8874 

.  .2135 

,0000 

FEED 

.'936 

.03117 

.7754 

.1673 

.02960 

.8029 

.8683 

.6550 

.33te 

.03262 

.6312 

.2759 

.03091 

.6932 

.8816 

.6683 

1 

.4916 

.02970 

.4787 

.5958 

.02872 

.5755 

.9006 

.6875 

2 

.6255 

.02427 

.5503 

.50(77 

,02457 

.4747 

.9206 

.7075 

5 

.7'94 

.01877 

.2618 

.5755 

.020)2 

.4042 

.9368 

.7255 

4 

.7767 

.01453 

.2088 

.6213 

.01702 

.3617 

.9465 

.75)2 

§ 

.8068 

.01169 

.1796 

.6469 

,01400 

■  3383 

.9511 

.7)78 

6 

.6243 

.01675 

.5589 

5.12 

.8093 

.009095 

.1816 

.6209 

,01322 

.3658 

.4475 

.1700 

FEED 

HIGH  PRESSURE  COLUMN 

.9736 

.003537 

.02202 

.9549 

,005060 

.04000 

-  .5817 

.0000 

PEED 

.9549 

.005060 

.04000 

.9549 

.OO5O6O 

.04000 

.7193 

1,101 

.9345 

.006418 

.05908 

.9234 

.00715) 

,06941 

.7052 

1.007 

1 

.9'29 

.0(77560 

.0795) 

.8897 

.006954 

.1014 

.6909 

1.073 

2 

.8909 

,008478 

.1006 

.8549 

.01C40 

.1347 

.6772 

1.059 

3 

.8694 

,009138 

.1214 

.8205 

.01140 

.1662 

.6645 

1.046 

4 

.8492 

,009560 

.1413 

.7875 

.01219 

.2005 

.6530 

1.035 

3 

.8306 

,00977) 

.1594 

.7571 

.01257 

.2303 

.6432 

1,025 

6 

.8147 

.009818 

.1754 

.7305 

,01268 

.2569 

.6349 

1.017 

7 

.8011 

.009745 

.1092 

.7076 

.01259 

.2798 

.6281 

1,010 

e 

.7896 

.009594 

.200,'. 

.6885 

.01237 

.2991 

.6226 

1,004 

9 

.7606 

.009400 

,2100 

.6750 

.01200 

.3149 

.6183 

1.000 

10 

.7897 

.009594 

.2007 

.6730 

,01200 

.3150 

-  .6183 

.0000 

FEED 

.7806 

,009400 

.2100 

i.ono 

.0000 

.0000 

.0000 

1.000 

HEAT  EXCHANGER  DUTIES  -  B.t.u./Lb.  Mole  Feed 


OR  1795,  QC  671,  Q5  69 


*  Those  calculations  account  for  the  variation  of  the  rcloUvc  voloiiluics 
and  cnlholpios  with  pressure. 
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63  ASRP-2391 


SECRET 


SECRET 


ASD-TDR-63-665,  Part  I 


POINT  NO.  16 

LOW  PRCSSliRR  COLUMN  PRESSURE  -  40  -  P  -  75  PSIA* 
Htr,H  PRESSURE  COLUMN  PRESSURE  >  245  PS1A_ 


FEED  AIR  SU  PERHEAT  -  O  B .  T .  U  ■ 


Vafor 

Mol 

Fraction 

Liquid 

Mol  Fraction 

Flow 

QUUl. 

■% 

'a 

35 

N 

A 

0 

N 

A 

0 

L 

V 

TOP  sK(  ;1TUN  or 

iDW  PRESSURE  COLUMN 

.9789 

.004243 

.01755 

1.000 

.0000 

.CX)00 

.0000 

-  .7788 

FB35D 

~~ 

.9779 

.003133 

.01901 

.9411 

.006169 

.05275 

.2267 

.1376 

pbed 

% 

.9783 

.004403 

.01734 

.9624 

.005064 

.03255 

.5318 

.9462 

.9675 

.006430 

,02806 

.9431 

.006692 

.04017 

.5295 

.9439 

1 

.9530 

.008509 

.03847 

.9171 

.01241 

.07051 

.5259 

.9404 

2 

.9343 

.01045 

.05525 

.8831 

.01594 

.1010 

.5209 

.9354 

? 

.9114 

.01207 

.07650 

.8412 

.01892 

.1399 

.5146 

.9290 

4 

.8854 

.01315 

.1014 

.7930 

.02098 

.i860 

.5074 

.9219 

5 

.8583 

.01350 

.1281 

.7420 

.02188 

.2361 

.5002 

.9147 

6 

.8324 

.01337 

.1542 

.6929 

.02162 

.2055 

.4936 

.9081 

7 

.8099 

.01269 

.1774 

.6498 

.02043 

.3290 

.4883 

.9028 

8 

.7920 

.01172 

.1963 

.6152 

.01871 

.3661 

.4844 

.8988 

9 

,6263 

.01659 

.3571 

8.50 

BOTTOM  SECTION  OF  LOW  PRESSURE  COLU 


.1902 

.05365 

.7761 

.08505 

.02755 

.8874 

.  .2212 

,0000 

FESD 

1 

.1902 

.5300 

.4822 

.6141 

.7655 

.7986 

.03365 

.03524 

.05219 

,02646 

.02063 

,01609 

.01305 

.7761 

.6348 

.4856 

.3595 

.2717 

,2ie4 

.1684 

.1629 

,2671 

.3822 

.4834 

.5562 

.6014 

.6271 

.6263 

.03207 

.05327 

.05102 

.02675 

.02251 

,01885 

.01652 

.01659 

,8051 

.6996 

.5868 

.4899 

.4215 

.rtf 

,3564 

.3571 

.6506 

.8619 

.8783 

.0958 

.9094 

.9\Ti 

.9205 

.6295 

.6407 

.6571 

.6745 

.6881 

.696' 

.6993 

1 

2 

1 

1 

5p97 

.8126 

.009006 

.1704 

.6194 

.01326 

.3673 

.4541 

,2016 

mD 

HIGH  PRESSURE  COLUMN 

.9729 

.003596 

.02554 

.9550 

.105022 

,04000 

-  .3643 

■  .0000 

FEED 

.OOgltOO  .2100 


HEAT  EXC  HANGER  DUTIES  -  B.t.u./Lb.  Molo  Pood 


OR  1725.  QC  718.  QS  08 


These  calculotlons  ciccouiU  (or  »ho  vorlallon  of  the  relotivo  volatilities 
and  enthalpies  with  pressure. 


63  ASRP-2391 


SECRET 


^RlT 


ASD-TDR-63-665,  Part  I 


TABLE  71 
POINT  NO.  17 


LOW  PRESSURE  COLUMN  PRESSURE  >  70  ^  P  ^  IQS  PS^A* 
HIGH  PRESSURE  COLUMN  PRESSURE  ~  24$  PSIA 
FEED  AIR  SUPERHEAT  »  O  B.T.U. 


Moi  FractJiir.  Uqwia  |*>1  IY«etfen  Plow  QU1U}« 


M 

A 

0 

H 

A 

0 

L 

V 

TOP  Sr.CTTON  OF  LOW  PRE.SSimr.  COUJMN 

.9779 

.00l»539 

.01755 

1.000 

.0000 

.0000 

.0000 

-  .7700 

PSED 

.9765 

.003239 

.02022 

.^9 

.005853 

.04921 

.2405 

*>150 

FSD 

.004697 

.01723 

.9627 

.005145 

.03217 

.5303 

.9520 

.9706 

.006599 

.0^^76 

.9495 

.006519 

.04202 

.5366 

.9510 

1 

.9616 

.006459 

.03990 

•9334 

.01103 

.05480 

.5542 

.9406 

2 

.9509 

.01020 

-0369* 

.9141 

.01496 

.07097 

.5511 

.9456 

5 

.9305 

.01175 

.04991 

.8914 

.01776 

.09065 

.5274 

.9419 

4 

.92>>l 

.01302 

,06207 

.0655 

.02006 

.1144 

.5232 

.9576 

5 

.9005 

.01394 

.07755 

.0370 

.02179 

.1412 

.5105 

.9329 

6 

.6922 

.01446 

.09336 

.0067 

.02201 

.1705 

.5136 

.9201 

7 

.0757 

.01459 

.1097 

.7761 

.02315 

.2000 

.5089 

.9234 

8 

.6600 

.01437 

.1257 

.7465 

,02280 

.2507 

.$046 

.9190 

9 

.6b55 

.01530 

.1406 

.7193 

.02196 

.2507 

.$000 

.9155 

10 

.8329 

.01331 

.1539 

.6955 

.02079 

.2039 

,4977 

.9122 

11 

.6“*^ 

.01245 

.1655 

.6751 

.01945 

.3054 

.4955 

.9090 

12 

.8136 

.01169 

.1747 

.6500 

.01004 

.3232 

.495? 

.9001 

15 

.6069 

.01096 

,1021 

.6461 

.01672 

.5372 

.4926 

.9070 

1U 

.8016 

.01031 

.1879 

.6565 

.01552 

.3480 

.4920 

.9065 

15 

.6573 

.01436 

.3404 

14.79 

ROTTOM  SECTION  OP  LOW  PRESSURE  COLUMN 

.1784 

.03302 

.7896 

.06609 

.02651 

.0874 

•  .2212 

.0000 

rsaa> 

.1704 

.03202 

.7090 

.03065 

.03216 

.0143 

.0769 

.65$$ 

.2976 

.03406 

.6605 

.7229 

.0001 

.6669 

1 

.4293 

.0524y 

.5303 

.3453 

.03097 

.6257 

.9041 

.6828 

2 

.5310 

.02021 

.4206 

.4594 

,02781 

.5328 

.9221 

.7008 

5 

.6463 

.02334 

.3304 

.5142 

,0240? 

.4616 

.9303 

,7171 

4 

.7120 

.01003 

.2691 

.5663 

.59^ 

.02062 

.4131 

.9502 

.7290 

3 

.7536 

,01549 

.2309 

.01034 

.5026 

.9575 

.7562 

6 

.7706 

.01320 

,2002 

.6191 

.01626 

.3646 

.9610 

.7397 

7 

.7933 

.01171 

.1951 

.6506 

.01511 

.3343 

.9620 

.7407 

6 

.6016 

.010/6 

.1075 

.6571 

.01439 

.3405 

.9615 

.7403 

9 

.0069 

.01018 

.1029 

.6400 

.01 394 

.3455 

.9601 

.7509 

10 

.6573 

.01436 

.3464 

9.05 

.606? 

.009134 

.1644 

.6360 

.01C«9 

.3511 

.4692 

.1665 

rfSD 
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APPENDIX  XIV 


LOtV  PRESSURE  COLUMN  DESIGN  COMPUTER  PROGRAM 


I 


1 .  Description  and  Criteria 

This  appendix  describes  the  tray  dynamics  design  program 
which  utilizes  iterative  optimization  procedures  and  is  based  on 
the  results  of  theoretical  tray  counts  obtained  from  cycle  studies 
and  mass  transfer  research  discussed  in  Section  3.0  of  this  report. 
Results  from  the  cycle  studies  established  flows  for  preselected 
inlet  and  waste  pressures  and  product  and  waste  purities.  The 
innermost  radius  of  the  column  is  fixed.  The  procedure  is  to  solve 
the  enriching  section  and  stripping  section  separately  beginning 
with  the  nitrogen  rich  enriching  section  near  the  shaft. 

The  method  of  computer  solution  as  shown  in  Figure  219, 
is  to  start  at  the  radially  innermost  tray  and  then  sum  the  tray 
efficiencies  as  each  tray  is  computed.  At  the  point  where  the 
desired  final  pressure  (Pf^,  which  is  the  kettle -pres sure  for  the 
enriching  section  calculation  or  the  peripheral  column  pressure  for 
the  stripping  section)  equals  the  tray  pressure  (Pk'),  a  check  is 
made  to  see  if  the  summation  of  the  tray  efficiencies  (E  E®)  equals 
the  theoretical  tray  number  (Np*).  If  it  does,  the  computer  prints 
out  the  answers  and  stops.  If  it  docs  not,  the  starting  superficial 
vapor  velocity  (Vs  initial)  is  changed  by  an  increment  to  approxi¬ 
mate  the  derivative.  The  column  is  computed  again,  this  time  using 
(Vs  Initial  -  A  Vs).  At  the  tray  where  1  Pk  -  Pfil  ^  0.1,  a  new 
superficial  vapor  velocity  is  calculated  as  shown  on  the  flowsheet. 
Figure  219,  line  6.  The  derivation  of  the  equation  which  calculates 
the  new  superficial  vapor  velocity  is  presented  in  Appendix  XVI. 

The  column  section  is  recomputed  with  Vsnew  and  the 
procedure  continued  until  solution  is  obtained.  The  following 
criteria  for  enriching  and  stripping  section  results  must  be 
satisfied.  All  physical  property  data  used  for  the  program  were 
obtained  from  Ref.  (20). 

a.  The  ratio  of  dry  plate  pressure  drop  to  hydrostatic 
pressure  drop  on  any  tray  (  A  p-q/  A  p^:-)  called  the  weeping 
factor  (Cy),  must  be  greater  than  0.2.  This  limit  is 
established  as  the  dumping  criteria  for  the  flight - 
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weight  separator,  below  which  excessive  liquid  passes  radially 
through  the  tray  holes  Instead  of  along  the  tray  from  one 
downcomer  to  another.  This  must  be  avoided  for  satisfactory 
column  operation. 

b .  Tray  foam  heights  in  the  enriching  section  must  be 
greater  than  0.7  inches,  and  greater  than  0.6  inches  in  the 
stripping  section.  Since  the  foam  heights  never  were  too 
high,  no  upper  limit  was  established  for  this  column. 

The  computer  program  was  written  so  that  the  superficial  vapor 
velocity  was  always  maintained  at  least  0.5  ft. /sec.  below  the 
flooding  value  where  entrainment  of  the  liquid  In  the  vapor  prevents 
liquid  reflux  from  passing  radially  outward  in  the  column. 

Since  the  reboller-condenser  and  separation  chambers  in  the 
system  Improve  the  purity  of  the  liquid  stream  leaving  the  low  pressure 
column,  the  computer  program  was  written  to  design  the  column  based 
on  a  maximum  of  five  final  purities  in  a  given  run.  Thus,  the  low 
pressure  column  and  reboiler-condenser  plus  separation  chambers 
coul'd  be  optimized  together  to  give  a  final  desired  oxygen  purity  In 
the  product  liquid  stream  leaving  the  appropriate  separation  chamber. 

It  has  been  conservatively  assumed  that  the  reboller-condenser 
and  separation  chambers  improve  the  oxygen  purity  in  the  liquid 
leaving  the  low  pressure  column  by  one  theoretical  tray. 

2.  Basic  Assumptions 

The  following  were  assumed  In  the  low  pressure  column 
computer  program  analysis; 

a.  Np*  from  the  low  pressure  column  theoretical  tray 
counts  where  AP  per  tray  is  constant  can  be  used  with 
correction  for  pressure  profile. 

b.  Average  column  section  vapor  diffusivlty  (Dg)  at  average 
pressure  and  composition  can  be  used:  (Variation  in  Dg  Is  minor). 

c.  Number  of  downcomers  per  tray  for  a  given  column 
section  is  constant  (assumes  spacing  between  downcomers 
on  a  tray  will  not  become  excessive) . 
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d .  Iteration  for  hydrostatic  tray  pressure  drop  is 
avoided  as  the  relationship  between  Ng®  and  Ng  is 
assumed  to  be  constant. 

e.  Liquid  and  vapor  densities  are  linear  functions  of 
temperature  and  composition  (good  approximation  for 
regions  studied.) 

f.  Enhancement  in  tray  efficiency  due  to  the  desired 
non -mixing  of  the  liquid  on  the  ;ay  and  non -mixing  of 
the  vapor  between  trays  is  assumed  to  be  25  per  cent  of 
the  theoretical  maximum.  This  is  a  theoretical  prediction, 
Ref.  (17),  (23,  p.  550-552),  (44),  (45),  (46),  and  (47),  for 
the  rotating  column  where  the  gravitational  effect  is 
substantial.  Experimental  programs  with  the  boilerplate 
cryogenic  separator  are  planned  to  evaluate  the  actual 
enhancement.  If  the  experimental  results  indicate  that 
enhancement  is  not  possible,  optimization  of  the  full- 
scale  unit  tray  dynamics  should  nullify  the  effect  of 
necessary  reduction  in  efficiency. 

g .  The  free  area  fraction  (f)  for  the  column  section 
is  constant.  Tray  by  tray  variation  in  free  area  will  be 
used  at  the  final  design  point, 

h.  A  constant  orifice  coefficient  (Cv)  for  calculation 
of  dry  plate  pressure  drop  is  assumed.  This  too  will  be' 
varied  in  final  designs  . 

1.  For  purposes  of  the  tray  dynamics  design  of  the 
low  pres.sure  column,  the  presence  of  argon  is  neglected; 
however,  the  theoretical  tray  counts  used  are  for  the  ternary 
system. 

j.  Average  liquid  and  vapor  flows  (l'^  '  and  V*^')  are 
used  for  a  given  column  section. 

k.  The  liquid  side  mass  transfer  resisLauce  is  taken 
to  be  negligible.  This  is  based  on  earlier  experimental 
evidence  under  this  contract. 
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3 .  Equation  Constants  for  Data  Input 

The  following  are  constants  presently  used  in  the  equations 
presented  on  the  computer  program  flowsheet; 

a .  a  '  =  1  to  5 

b.  «  0.333,  Y2“=  1.6,  =  0.5,  y;  =  0.13, 

Yg  =  0.85,  Y°  =  0.5 

c.  =-3.12,  =  0,  W3=0.75,  W^=-0.75, 

W,  =  0.667,  W-  =  O 
5  D 


d . 

c®  =  47,700 

e . 

t;  =  0,  t ®  =  0, 

tg®  =  0,  t^®  =  0,  tg®  =  0,  tg®  =  0 

f. 

=  48.7 

g. 

C  =  0.9 

X 

h. 

C‘  =  1  X  10^0 

1. 

=  0.01735, 
©;  =  48, 

e°  =  0.01762,  9^  =-.04192, 

=  0,0905,  ©^“  =  72.2,  ©g'’  =  0 

u 

=-0.0067,  a 

^°=  1.4388,  02  =  -3.5691,  o^ 

a/  =  -17.1361,  a  “  =  7.7812 
4  6 

k.  AVs  =  0.01 
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APPENDIX  XV 

HIGH  PRESSURE  COLUMN  DESIGN  COMPUTER  PROGRAM 


1.  Description  and  Criteria 

This  program  is  more  refined  than  the  low  pressure  column  program 
presented  in  Appendix  XIV,  in  that  the  theoretical  tray  count  and  tray 
dynamics  are  analyzed  together  thus  obtaining  the  exact  influence  of 
the  gravitational  field  in  a  tray  by  tray  computation. 


The  Iterative  optimization  technique  (similar  to  that  for  the  low 
pressure  column  program)  is  presented  in  the  computer  flowsheets, 
Figures  220  and  221,  The  method  of  solution  is  to  match  a  desired 
final  kettle  liquid  oxygen  purity  with  a  peripheral  tray  liquid  oxygen 
purity  by  Iterating  on  the  superficial  vapor  velocity. 


The  general  procedure  is  to  provide  sufficient  boundary  conditions 
so  that  overall  heat,  mass  and  composition  balances  can  be  performed 
to  completely  describe  the  high  pressure  column  boundaries.  The 
column  is  solved  by  starting  at  the  radially  Innermost  tray  near  the  shelf 
and  changing  purities,  pressures  and  temperatures  along  with  column 
tray  dynamics  parameters  in  climbing  radially  outward.  At  the  point 
where  the  tray  pressure  equals  the  specified  peripheral  pressure,  the 
oxygen  purity  in  the  liquid  leaving  the  last  tray  is  checked  against  the 
oxygen  purity  of  the  kettle  liquid  (given  data  input).  If  it  checks,  the 
computer  prints  out  and  stops.  If  it  does  not  check,  the  column  is 
computed  again  using  Vsinitlal  "  ^Vs .  At  the  point  where 
a  new  superficial  vapor  velocity  is  calculated  from  the 
equation  shown  on  the  flowsheet.  Figure  220,  line  7.  Appendix  XVI 
presents  the  derivation  of  this  equation.  The  column  is  recomputed  vath 
the  new  Vs  and  the  procedure  continued  till  solution  is  obtained. 


Pk-p,|^o.i, 


The  tray  equilibrium  subroutine  which  performs  the  basic  dis¬ 
tillation  analysis  is  appended  as  Figure  221.  The  basic  equations  used 
for  the  computations  leading  to  o^Qwere  obtained  from 
Reference  (20)  and  those  pertaining  to  calculation  of  were  obtained 
by  correlation  of  argon-oxygen  data  given  in  Reference  (58)- 
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The  criteria  for  acceptance  of  a  solution  are  as  follows: 

a.  Dumping  criteria  identical  to  that  for  the  low  pressure 
column  analysis  presented  in  Appendix  XIV. 

b.  Tray  foam  heights  must  be  less  than  1.9  inches.  Low 
foam  heights  are  no  problem  in  this  column  because  of  the  high 
vapor  density. 

c.  The  superficial  vapor  velocity  is  kept  below  the  flooding 
valve  in  the  same  manner  as  described  for  the  low  pressure 
column .  (Appendix  XIV) . 

2 .  Peripheral  Pressure  Computation 

The  separator  inlet  air  is  delivered  through  the  shaft  at  the 
specified  pressure  but  is  compressed  in  passing  to  the  periphery  of  the 
high  pressure  column.  The  derivation  and  final  formula  used  to  calculate 
this  static  pressure  rise  are  presented  as  follows: 

It  is  assumed  that  the  vapor  density  is  a  linear  function  of  pressure 
or  _  j.  j  o 

Pv  -  +  ^2  P 

where  dj^  and  d2  are  known  values  for  a  given  composition. 

The  compression  of  the  vapor  is  determined  by  the  gravitational 
field  change  in  kinetic  energy  imparted  to  the  vapor. 

VdV  p 

Therefore,  dP  =  - ^ 


substituting 


VdV  (d.  +  d.  P) 

_ _ X _ _ 


separating  variables, 


di  +  d2  P  gc 

Since  V  »  R«  for  the  rotating  system  where  U3  =  conste.it. 


Read  (Ru)) 


RmidR 


dl  +  d2  P 


63  ASRP-2391 


CONFIDENTIAL 


Integrating,  P^' 


ASD-TDR-63-665,  Part  I 

2  Ro 

=  —  / 

«c  Ri 


P  .  +  d2  P 

I 


RdR 


Therefore;  ^  dj^  +  d^  P'j 


(  Ro^  -  Rl^  )  J 

2  Qr 


Changing  f  orm:. 


^  "  ^2  "'f 

di.d2P'i 


Solving  for  P', 


p>  s 

f 


"  ^2  ^ 


d2  (Ro^  -  Ri^)  J 
^0 

d-  03^  (Ro2  -  Ri^) 

[__2^ - ] 

2  g  c 


For  the  case  of  the  inlet  air  stream,  Ri  ==  0,  dj^  =  -0,853  and  dg  =  0.0001517. 

Therefore;  0.0001517  J'  Ro^,  (75) 

p,  ^  ( -0.853  +  0.0001517  P'j  )  e  ^  -0.853 

^  0^0001517 


By  assuming  Ro,  P'  can  be  computed  for  air  from  the  above  equation. 

Frictional  pressure  ^  drop  in  the  inlet  air  shaft  to  the  peripheral  channel  is 
neglected. 

3 .  Basic  Assumptions 

a.  Use  of  average  vapor  diffusivity.  (variation  in  Dg  is  minor), 

b.  Number  of  downcomers  per  tray  are  constant  (assiiniRs  spacing 
between  downcomers  will  not  become  excessive) . 

c.  Iteration  for  hydrostatic  pressure  drop  is  avoided  as  the 
relationship  between  Ng"  and  Ng  is  assumed  to  be  constant. 
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d.  Average  liquid  and  vapor  densities  are  used  because 
of  the  very  slight  variation  In  the  high  pressure  column  In 
contrast  to  the  relatively  larger  change  in  the  low  pressure 
column. 


e.  Enhancement  in  tray  efficiency  due  to  desired  non- 
mlxlng  of  liquid  6n  the  tray  and  non-mlxlng  of  vapor  between 
trays  Is  assumed  to  be  25%  of  the  theoretical  maximum.  The 
statements  In  Appendix  XIV  In  regard  to  experimental  attain¬ 
ment  of  this  enhancement  In  the  boilerplate  separator  apply. 

f .  The  free  area  fraction  (f)  Is  constant  for  all  column 
trays  thus  adding  a  conservative  factor  to  the  point  efficiency. 

g .  A  constant  orifice  coefficient  (C^)  for  calculation  of  dry 
plate  pressure  drop  Is  assumed. 

h.  The  liquid  side  mass  transfer  resistance  Is  assumed  to 
be  negligible,  based  on  earlier  experimental  results  under  this 
contract. 

1.  Cooling  of  the  column  vapor  by  expansion  against  the 
gravitational  field  Is  equal  to  the  superheat  Incurred  by  the 
Inlet  air  vapor  In  passing  to  the  periphery. 

4.  Equation  Constants  for  Data  Input 

The  following  are  constants  presently  used  In  the  equations 
presented  on  the  computer  program  flowsheets: 

a.  ki®  -  k0°  and  (j)i°  -  (|)g°  as  presented  In  Table  72. 

b.  Yj®  =  0.333,  ¥2'  =  1.6,  Yj®  =0.5,  Y^®  =  -0.13, 

Y®  =  0.85,  Y.®  =0.5 

5  D 

c.  =  -3.12,  W2  =  0,  W3  =  -0.75,  W4  =  -0.75, 

W5  =  -0.667,  We  =  0 

d.  tj®  =  0,  t  2”  “  0,  t3®  =  0,  t4®  =  0,  tg®  =  0,  tg®  =  0 

e.  Cl®  =48.7,  C2®  =  47,700,  C3®  =  1  X  10^° 

f .  Cj^  =0.9 
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g.  ct  ®  =  -0.0031025555,  ai“  =  1.U327908,  a-®  =  -0.7473526, 

0 

OgO  =  3.0019803,  a4'’=-3. 3589933,  ttg®  =  1,4715685,- 

h.  00  =  0.0032693939,  3  i  =  0.0463815,  3  2“  0.30203628, 

3  3  =  -2.9289547,  34  =  8.4881099,  35  =  -9.1778025 

1.  =Q-.0018595222,  =  0.088622572,  =-0.10460442 

^3  = -2.3210486,  ^4  =  12.332021,  ^5  = -22 . 390105 

j.  AVs  =0.01,  tolerance  on  W*  =  1  x  10"^,  tolerance  on  Xq  (equi 
librium  calculation)  =  1  x  10“7,  column  closure  tolerance  = 

+  .001 
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TABLE  72 

ENTHALPY  COEFFICIENTS  AS  LINEAR  FUNCTIONS  OF  PRESSURE 

Coefficients 

O 

^  g  =  Btu/lb.-mole/psig 
-  6  =  Btu/lb.-mole 

Pressure  Range  (pslg) 


160  -  200 

200  -  250 

240  -  290 

It  “ 

'^1 

-0.3 

-0.4889 

-0.7714 

3171 

3210 

3279 

0.33 

1.4875 

1.4875 

326.2 

97 

97 

-0.103 

-0.9136 

-0.7271 

(P3» 

-150.5 

43.7 

-8.4 

k  ® 

2.81 

3.04 

2.7273 

912.4 

882 

960 

k,® 

0 

0 

1.7125 

0.6192 

-695 

-1034 

-767 

"s’ 

0 

-1.7 

-0.2308 

<!>«" 

242 

■i7H 

229 
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APPENDIX  XVI 

DISTILLATION  COLUMN  SOLUTION  AS  A 
FUNCTION  OF  SUPERFICIAL  VAPOR  VELOCITY 


In  the  column  closure  functions  presented  in  the  flowsheets  of 
Appendices  XIV  and  XV,  it  is  shown  that  the  solution  for  the  low  pressure 
column  program  occurs  where  the  summation  of  tray  efficiencies  equals 
the  number  of  theoretical  trays  (2E®  =  Np)  and  in  the  high  pressure 
column  where  the  final  column  oxygen  purity  equals  the  kettle  oxygen 
purity  (Xq  =Xkq).  These  solutions  are  obtained  by  changing  the 
column  superficial  vapor  velocity  until  the  proper  value  is  found  which 
gives  SE®  =  Np  and  X^  =  Xj^q  given  tolerances.  The  equa¬ 

tion  used  to  change  Vs  is  shown  on  Figures  219  and  220  and  is  derived 
as  follows: 


Let  f(Vs)  =  EE®  -  Np  and 
occurs  at  f(Vs)  =  0. 

Xo  ”Xk,q  where  a  solution 

If  f(Vs)  occurring  at  Vs  were  lowered  by  an  Incremental 
finite  amount,  AVs,  the  new  f(Vs)  at  Vs  -  aVs  would  be  approximately, 
given  by  the  following: 

-AVS  ■ 

V  AVs  / 

rearranging: 

f(vs) 

AVs 

AVs 

In  the  limit  asAVs  approaches  zero, 

f(Vs)vg  -  -  ^vs  ^  df(Vsl 

AVs  dVs 

Assume  that  AVs  ^  dVs 

Therefore,  between  f(Vs)yg  and  f(Vs)yg  -^vs>  have  a  straight  line. 
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Let  U8  define  this  straight  line  function  as  F(Vs). 

Therefore,  by  definition: 

F(Vs)  =  [slope] Vs  +  [ordinate  intercept] 

The  slope  of  this  line  has  been  shown  to  be  and  the 

ordinate  Intercept  can  be  obtained,  since  at  some  Vs°  , 

nsw 

F(Vs)  =  O 

Therefore,  the  ordinate  intercept  can  be  calculated  as  follows: 


O  = 


df(Vsl 


dVs 


Vs  +  [  ordinate  Intercept] 
new  '•  ‘ 


and 


[  ordinate  Intercept] 
Finally, 

F(Vs)  = 


dftVsl 

dVs 


Vs 


new 


[  df(Vs)l 

„  r  df(vs)l 

t  dVs 

i  dVs  J 

Vs 


new 


solving  for  Vs 


new 

w  _  w.  F(Vs) 

®new  [  df(Vs)1 

I  dVs  J 

Since  Vs  here  is  the  initial  or  old  superficial  vapor  velocity  and  since: 


^Vs 


Vs 


=  Vs 


AVs 


new  old  f(VSoid)  -  -^Vs) 

Since  F(Vs^j^)  =  f(Vs^^^)  as  the  straight  line  and  curve  functions 
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AIR  SEPARATOR 

WEIGHT.  VOLUME.  AND  HORSEPOWER 
COMPUTER  PROGRAM  AND  SAMPLE  CALCULATIONS 


The  following  presents  the  equations  and  calculation  pro¬ 
cedures  used  to  obtain  air  separator  weight,  volume  and  horsepower. 
Sample  calculations  for  the  General  Dynamic  s/Astronautlcs  cycle 
(separator  inlet  pressure,  225  psla;  waste  pressure,  56.5  psla^ 
product  oxygen  purity,  90  per  cent  by  weight;  and  waste  nitrogen 
purity,  98  per  cent  by  weight)  are  included.  The  equations  or  items 
incorporated  in  the  weight  and  volume  computer  prr^ ,  am  are  numbered 
or  specially  noted.  All  physical  property  data  usea  were  obtained  from 
References(20)  and  (37) . 

Dimensional  constants  appearing  in  the  equations  are  listed 
as  follows: 

3600  sec. /hr. 

29  lb. /lb. -mole  air 
2.016  lb. /lb. -mole  hydrogen 
20736  in.  Vft.'^ 

1728  in. 3/ft. 3 
144  in.3/ft.2 
12  in. /ft. 

1.818  X  10“3  hp/ft.-lb./sec. 

1. 415  hp/Btu/ sec. 

1.285  X  10-3  Btu/ft.-lb. 

1.  High  Pressure  Column 

Data  Input  Output  of  Program 

bavg 

62  Wt 

Wd 
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Data  Input 


®L-MAX 

0) 


Output  of  ftopram 
Wx  +  Wd 
h 

Wsh 


ts 

W 

w 


si 


HPC 


Average  Column  Width 


Aavg  = 


A,  +  A 
I _ 0 


2n  R.  b.  +  Zn  R  b 

2  jt  (Ravg)  (bavg)  =  - 2 - 

R,  +  R  2n  R.b  +  2rt  R  b 

.  ,  1  Ox,  1  i  00 

2it  ( - r - )  bavg  =  - z - 


”=''3  ■  — rn — 

1  o 

.  _  (42)  (58.6)  +  (68.39)  (40.4) 

“  42  +  68.39 


(77) 


bavg  =  47.3  in. 
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Weight  of  Trays: 

The  trays  are  assumed  to  act  as  tension  support  members 
for  the  column  side  walls  sustaining  the  column  pressure. 


For  a  given  tray: 

FORCE  ON  SIDES  BETWEEN  TRAYS  ^^trav^^^'^  ^^trav^ 
^1  “  TRAY  CROSS-SECTIONAL  AREA  "  2jt  (f)  (l-f) 


f  = 


H'  (P^  ) 

tray 

Sj  (1  -  f) 


The  weight  of  one  tray  =  2jt  (R^j.g^y)  m 

"175 

Substituting; 


Weight  of  one  tray  =  ^  "  ^^trav)  ^^trav^  ^  m  ^  ^^trav^ 


#  trays 

Weight  of  all  trays '=  S 

1  =  1 


1728  Sj^ 


1728  S, 


W„  = 


2  2  n  R,  H'  ^  n  (R'  ®  -  R  *) 

tray  o  1 

Let  =  P  for  all  trays 
tray  p 

Let  b  =  bavg  for  all  trays 
tray 

Insert  for  tray  perforations 


«  (R'  *  -  R ) 


1  '  ^m 
1728  S, 


bavg  k^  P 
_  t  _  t 


Wt  = 


(1728)  (33,333) 


W^  =  283.5  lbs. 
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Weight  of  Downcomers 

Wd  =  6i  Wt  (79) 

=  (0.5)  (283.5) 

Wq  =  141.8  lb. 

Weight  of  Trays  plus  Weight  of  Downcomers 

W^  +  Wj^  =  62  W^  (80) 

W^  +  Wd  =  (1.5)  (283.5) 

Wt  +  Wd  =  425.3  lb. 

If  ripple  trays  were  used,  6^  =  0  and  6  ^  ®  1 . 

If  the  downcomer  trays  used  did  not  take  their  share  of  tensile 
stress  on  the  sides,  =1.5  and  6^  “  2.5 . 

Since  it  is  assumed  that  the  downcomer  trays  used  will  take 
their  share  of  stress  on  the  side,  B  ^  =0.5  and  B  ^  1  *5  • 

Shell  Thickness  (with  cryogenic  liquid  buildup) 

Includes  increase  in  design  stress  due  to  cryogenic  improvement 
factor,  >  1 . 

The  column  shell  must  support  the  peripheral  column  pressure, 
and  the  gravitational  field  loading  of  liquid  holdup  and  the  shell  metal 
itself.  The  necessary  shell  thickness  will  be  made  up  of  contributions 
from  these  three  factors . 

h  =  [pressure  contribution]  +  [liquid  holdup  contribution ] 

+  [metal  contribution] 


536 
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h  =  [hoop  tension  thickness]  +  [thickness  to  support  liquid] 

+  [thickness  to  support  metal] 

ol  ,2  2  .  2  2 

h  =  !£!o  +  Pl-MAX^o  "  ,  +  " 


p'  2  2 

0) 

m  o 


20736 


20736 


.  ol  pi  2  2 

R‘  p  +  Pl-MAX^o 

°  P  20736  g^ 

20736  g„ 


with  Inclusion  of  C,  factor: 

h  R'^co^ 

R'  P  +  PL-MAX^O  ■■■ 

°  P  20736  g^ 

_  _  c _ _ 

^  ^  p,2  2 

c,  s,  -  PmViL 

^  20736  g^ 


(68.39)  (229.9)  +  (S.46)  (45)  (68.39) 


(1.2)  (33,333)  -  •  20736  (32.2) 


0.561  in. 
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Shell  Thickness  (without  cryogenic  liquid) 


^  “  p  R’  ^  CD  ^ 

^  m  o _ 


S. 


20736  g. 


(82) 


h  = 


(63.391  (229.91 


_(1641  (68.39)2(45)2 
3d,dJJ  20736  (32.2) 


h  =  0.507  in. 


Selecting  the  maximum  shell  thickness,  0.561  >  0.507 
Therefore,  h  =  0.561  in. 


ff 


Side  Thickness  (with  cryogenic  liquid) 


Includes  increase  in  design  stress  due  to  cryogenic  improve¬ 
ment  factor,  >  1 . 


Assume  that  the  shell  is  allowed  to  deflect  and  therefore  the  sides 
need  not  support  it.  Therefore  the  side  thickness  must  be  sufficient  to 
support  gravitational  field  loading  but  the  additional  metal  thickness  re¬ 
quired  to  support  the  gravitational  loading  on  the  trays  is  also  added. 
Support  for  the  column  pressure  loading  on  the  sides  is  provided  by  the 
trays  as  previously  shown. 


t  = 
s 


r  thickness  due  to-. 
^  loading  on  side  ^ 


[ 


thickness  due  to  load¬ 
ing  on  the  trays 


] 


R'  ®  0)  *  p  t 
o _ m  s 

20736  g^ 


k  P  bavg 
t  P 


R'*  u)*  p 
o _  m 

20736  g  S, 
c  1 
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k.  P  bavg  R*  ^  oj  ^  p 
t  p  ^  o _  _  m 

8  ~  ^  05  2  p 

20736g'  S,  (1  -  o  ' 

^  •  20736  gr  Si 


m 


with  inclusion  of  C.  factor, 

^R'  2  2 

k  P  bavg  ''o  oj  ^  o 
.  _  t  P  •  „ _ ,m 

^  '  R'  2  CO  ^  p 

20736  ,,  C.2  3^2  (1 


(83) 


t  = 
s 


(1.0)  (229.9)  (47.3)  (68.39)2  (45)2  (i64) 


20736  (32.2)  (1.2)2  (33,333)2 


(68.39)2(45)2(164) 


20736  (32.  2)  (1.2)  (33,333) 


t  =  .017  in. 
s 


Side  Thickness  (without  cryogenic  liquid) 

P. 


k^  P  bavg  R'  ^  a>  ^ 
t  p  o 


R'  2  CO  2  p 

20736 

c 


(84) 


t 

s 


(1.0)  (229.9)  (47.3)  (68.39)^  (45)^  (164) 


20736  (32.2)  (33,333)^ 


(68.39)^  (45)^(164) 
(20736)  (32.2)(33,333) 


t  =  .024  in. 
s 

Selecting  the  maximum  side  thickness, 

.024  >  .017 

Therefore,  t  =  .024  in. 
s 
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2rt  Ravy  bavg  = 
€ 


Ri  +  Rj^ 

2n  ( — ; - )  bavg  = 

2  e 


bavy  = 
e 


2.  b^  t  2n  R,  b^ 


^1  ^1  \ 


stripping  section: 


Aavg^  = 


A  +  A 
is _ os 


2jt  (Ravg)g  bavg 


s 


R.  +  R' 

2«  (  — 2 - bavg^ 


bavg. 


2itR.  b,  +  2n  R'  b 
k  k  o  o 


2.  R,  b,  .  2«  r;  b^ 


R,  b,  +  R’  b 
k  k  0  0 

R,  +  R’ 
k  o 


bavy^  bavy^  Rj  ^  \  ^  ^  \  ^  ^^o  ^O 

2  ~  2(R^+R^)  2(R^+r;^) 


(88) 


bavcj=  (24)  (217).+  (3J..7)  U3_6..9)  ^  (36.7)(136.9)(57.5i)  (94.3) 

2  (24  +  36,7)  2  (36.7  +  57.51) 


bavg  =  15  2.4  in. 
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Weight  of  Trays 

(Same  derivation  as  for  high  pressure  column) 


= 


«  P  n,  bavg 

1728  S, 


(89) 


^  =  It  r  (57.51)^  -  (24)^  1  (164)  (152.4)  (1.0)  (56.16) 

T  1728  (33>333) 


=  209.1  lbs. 


Weight  of  Downcomers 


W  =  &  W 
D  T 


(90) 


Wj^  =  (0.5)  (209.1) 


Wjj  «  104.6  lbs. 


Weight  of  Trays  plus  Weight  of  Downcomers 


W^+  Wd  -  62  W^ 


W^  +  Wjj  «  (1.5)  (209.1) 
Wt  +  Wd  =  313.7  lbs. 


Shell  Thickness  (With  cryogenic  liquid  buildup) 


(91) 


Includes  increase  in  design  scress  due  to  cryogenic  improve¬ 
ment  factor,  Cj )  1 . 

(Same  derivation  as  high  pressure  column^ 
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(same  derivation  as  high  pressure  column) 


t  = 
s 


k  P  bavg  R'^  “  ^  P  „ 
t  D  o  m 


20736  9^0,^8,2 


n.2  2 

to  p 


m 


t  = 
s 


20736  g^ 

(1  ■  0)(56. 1 61(152  ■4)(57. 51)^(451^(164) 


(94) 


20736  (32.2)(1.2)’^(33,333)^ 


,  (57.511^(451^(1641 

20736  (32.2)(1.2)(33,333) 


t  =0.0092  in. 
s 

Side  Thickness  (without  cryogenic  liquid) 

k  P  bavg  R'^  co^P 
t  _  t  p  ^  0  m 


20736 g^ 


(!■ 


R' ^CD^P 
o  m 

20736  g,£, 


(95) 


^  =  (1.0)  (56. 16)  (15  2. 41(57. 51)^' (451^(1 641 


20736  (32.2)  (33,333)' 


,  (57.511^(45)^(1641 

20736  (32.21(33,333) 


t  =  0.0133 
s 

Selectiny  the  maximum  side  thickness, 
0.0133  >  0.0092 


Therefore,  t  =  0.0133  in. 
s 


Shell  Weight 


W  ,  = 
sh 


2jt  R'  b  p  h 
o  o  m 

1728 


(96) 
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Shell  Thickness  (with  cryogenic  liquid  holdup) 

Includes  Increase  in  design  stress  due  to  cryogenic  improve¬ 
ment  factor  >  1 . 

The  kettle  separator  shell  must  support  the  kettle  separator 
pressure,  and  the  gravitational  field  loading  of  kettle  separator  liquid 
holdup  and  the  shell  metal.  The  necessary  shell  thickness  will.be 
made  up  of  contributions  from  these  three  factors. 

=  [  pressure  contribution  ]  +  ]  liquid  holdup  contribution  ] 

+  [  metal  contribution  ] 

hj^  =  [  hoop  tension  thickness  ]  +  [thickness  to  support  liquid  ] 
+  [  thickness  to  support  metal] 

h  -  ^  ^LK  P  L-MAX  +  V 

k  S,  20736  g  S,  20736  g  S, 

1  cl  cl 
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Selecting  the  maximum  shell  thickness, 

0.054  >  0.0485 
Therefore,  hj,  -  0.054  In, 

Side  Thickness 

The  kettle  separator  side  thickness  has  been  sufficiently  small 
In  all  cycle  weight  calculations  so  that  It  can  be  neglected. 

Therefore,  tj^^  =  0 

Shell  Weight 

(Cylindrical  Shell) 
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2)t  I 

W,  =  — 


W,  .  =  9.5  lbs. 
ksh 

Sides  Weight 

(circular  disk,  sides  supported  by  extension  to  shaft) , 

w,  ,  =  K'  - V. 


since  t,  is  assumed  =  0 
ks 


^ksl  =  0 


Total  Kettle  Separator  Weight 

W,  =  W,  .  +  W.  , 
ks  ksh  ksl 

W,  =9.5+0 
ks 

W,  =9.5  lbs. 
ks 

4.  Reboiler-Condenser 

_ Data  Input 


Output  of  Program 


s, 

T 

C, 

AT 

WHTA 

1 

0 

1 

L 

c 

g 

^"b 

W  , 
rsi 

W  ^ 

QR 

r  ' 

0 

L/A 

"^mean 

RBC 

I'mb 

LHTA 

Wa 

*^m 

Ma 

(hc)EXP 

Q/A 

0) 

^^c 

p 

(Starting  p 
value) 

Pl 

X, 

(hc)THEO 

'^RBC 

^rsh 
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Data  Input  Derivations  and  Calculations 

The  derivation  of  ’^mean  for  the  full  scale  rebpiler-condenser 
is  somewhat  different  from  that  presented  in  Section  4  of  this  report 
as  the  tube  axis  do  not  coincide  with  the  radius  vectors  at  the  inner 
radius.  A  fictitious  radius  of  10  in.  is  used  as  the  point  where 
coincidence  occurs. 


Ng, 


/  Ng.j.  dS 
;  dS* 


r  (u 
mean 


mean 


dS'  = 


;ds' 

/  r’  sin  ijPdS' 
;  dS' 

r'dr' 


fic 


r'  (U 


_  /  Nq  sin*p  dS'  _  /  ci 


■  sin  dS 


/  dS’ 


and  cos  ^  = 


^  fic  (Refer  to 


sin  'P  =  < 


fic, 


Appendix  VII) 


‘mean  = 


substituting: 


;  r'sln  If*  dS‘  -  /  r'  sin  f  dS' 


JiiL- 


lic 


/  ?  dS- 

■^flc 


liV  I  I  ■  I  I 

r'  I  2  fr'dr'  >  .r  J  /  fic.  /  , 

fo  i-;-)  -  ;i  r^;  !-(—)(— ) 

r  ^  r.  J  ^  r'  "  "fic 

fic _  fic _ 


mean  = 


r ' 
.  o 


r' 


fic 


fic 
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After  Integration  and  Substitution: 


putting  in  appropriate  numerical  values, 


The  ratio  (hc)£j^p/  ^'^c^xHEO  ^^®  improvement  in  the 

condensing  side  film  coefficient  as  a  functlor^of  Ng,j,  and  Q/A  for  the 
aluminum  porous  condensing  surface.  Since  Ng^  @  cu  =  45  rad. /sec. 
is  known,  assuming  a  value  for  the  reboiler-condenser  heat  flux,  Q/A, 
a  value  for  xhEO  obtained.  Since  the  computer 

program  calculated  Q/A,  for  certain  cases  it  was  necessary  to  run 

several  times  until  assumed  Q/A  approximately  equaled  Q/A  from  the 

program  output.  The  reboiler-condenser  overall  temperature  difference 

is  obtained  by  taking  the  difference  between  the  boiling  and  condensing 

side  saturated  temperatures  at  the  r  radius. 

mean 
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Overall  Heat  Transfer  Coefficient 

As  shown  by  the  discussion  in  section  4  of  this  report, 
the  condensing  side  film  coefficient  for  the  full  scale  unit 
reboller-condenser  is  given  by  the  following: 


(Nusselt  Coefficient  ) 


(  coefficient  (  fraction  of 
improvement)  unblanketed 
area) 


substituting  with  L°  »  dt 


h  «  0 
"l 


^  L  1  PmeanJiii^l 

^^c^EXP  ~\  .  >  „„ 

J'^c^THEoJ 
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Therefore: 


h  =  60  D,  0)^/^  AT 
1  c 


EXP 

^"c^THBC 


(1  -  AJ 


From  Figure  40,  =  7100  AT^^ 

Dolling  on  the  Linde  copper  boiling  surface  represents  more  ex¬ 
tensive  boiling  data  than  that  obtained  from  the  Linde  aluminum  boiling 
surface  experiments  and  Is  used  to  represent  future  performance  for  the 
full-scale  unit.  (See  Section  4.) 

Since  the  inside  area  of  the  reboiler-condenser  tubes  ~  outside 
area  of  the  tubes,  and  the  metal  resistance  is  negligible, 

u”  “  h 

o  b  c, 

and  h.  h 

U  = 

^0  h.  +  h 

■  b  Cl 


substituting  the  appropriate  equations  for  hj^  and  h^ 

,7100  [Sf,] 


7100  AT.^'^t  60  D  AT 
b  1  c 


U“e^THEC 
(hclEXP  ~ 

(he)  the  0 


o] 


dividing  by  60  AT 


^0  “ 


1/2  ^'^C^EXP  ~|  ,,  .  . 

7100^  T,  D,. 

118.3  AT (h  )THEO 
b  c  1  c 
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Boiling  and  Condensing  Temperature  Drops 

For  steady  state  operation,  the  heat  transferred  from  the 
condensing  side  equals  the  heat  absorbed  by  the  boiling  side. 


Therefore: 


h,  AT.  =  h  AT 
b  b  c,  c 


where  A,  «  A 
b  c 


Substituting: 

(7100  ATj^  = 


Therefore: 

AT, 


60  D 


1/2  ,  ^VeXP  1  1  \ 

i  <’■'  ^^c  tihi;- 1 


c'THEO 
0.455 


AT 


.  =  .1165  ;D.  [  (1-A^) 


and  AT  «  AT.  +  AT  ; 
o  o  c 


0.2272  0.341 

o>  AT 


(105) 


Compute  AT,  and  AT  by  trial  and  error  using  an  input  starting  value  for  AT 

DC  C 


Inserting  numerical  values  for  the  GD/A  oycle: 

11/4 


=  0,726 
D,  «  7.62 


(39)^  (58)  (0.052)^ 
(0.132) 


M 

0 


2.4\ 

.25Q/ 


1/4 


Assume  Q/A  =  40,000  Btu/ft. hr.  Therefore:  ^^c^EXP 


and  N  =  170 
gt 


^Vtheo 


«  2.37  from  Pig.  63 


LetA^=0.1  giving  36® 

Therefore:  1  -  A^  «  0 . 9 
Since  w  =45  rad. /sec. 

-.1165(7.62  [2.37]  (0.9))  (45)0.2272  ^^^0.341 


AT, 


AT.  «  0.985  AT 
b  c 
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(3600  sec  ./hr.)  (L/A)(QRr(Wa) 
Ma  (q/a) 


(108) 


(3600)  (5.1  X  10~'^)  (1779.8)  (2083) 


LHTA=  ^29)  (35,384) 

LHTA  “  6.64  ft. 

Shell  Thickness  (with  cryogenic  liquid  holdup) 

This  Includes  increase  in  design  stress  due  to  cryogenic  improve¬ 
ment  factor  >  1 . 

The  shell  thickness  must  be  sufficiently  thick  to  support  peripheral 
pressure  and  gravitational  loading  of  liquid  holdup  and  shell  metal. 

h___  =[  hoop  tension  ]  +  [  liquid  holdup]  +  [ metal  thickness] 
RBG 


RBC 


P  r' 

h 


(r')^  co^  W 
O  L 


144  (2«r')  (LHTA)  S,  g„ 
o  1  c 


,2  2 

0  m  “  V, 

20736  g  S, 

C  X 


Solving  for  h 


RBC 


P  r'  t 


r'  u)  W, 
o  L 


RBC 


p  o  28  8  (LHTA)  g^ 

.  ,.2  2 

P  _  (r].)  O) 


o  m-.o... 

1  "  20736  g 
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Inserting 


h 

RBC 


r  '  to  ^  W. 

p  r '  —2 - — 

p  o  288jt  (LHTA)gc 


/  .\2  2 
P  “ 
m  0 

20736  g 

c 


^RBC  “ 


(55.09)(42)  + 


(1. 2)  (33,333)- 


(42H45)^  (1964) 
288it(6.64)(32.2) 

a64).(42l!.L4JLl 

20736  (32.2) 


.  =  0.081  in. 

^RBC 

Shell  Thickness  (without  cryogenic  liquid) 


"RBC 


,  ,  .2  2 
p  (r')  (o 
q  _  m  o 

1  20736  g 


^RBC 


(55.09)  (42) 


33,333 


.  (164), (421^4.51^ 
20736  (32.2) 


557 


(109) 


(110) 
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selecting  the  maximum  shell  thickness 
0.081  >  0.071 

Therefore  hj^^^  =  0.081  In. 

,  Shell  Weight 

(cylindrical  shell) 


W  ,  =  162.. 0  lbs. 
rsh 
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A  metal  weight  necessary  to  support  the  shell 
against  deflection  due  to  the  liquid  holdup  Is  a'dded  to  th“e 
metal  weight  necessary  for  support  of  gravitational  loading 
on  the  sides . 


W 


rsl 


K  (r-  )2a>2  w 

O - k 

20736  g^  S 

C  I 


(r  ■  01^  w 

o 

20736  Sj 


m 


solving  for 


«  (r^  (a  ^ 
20736  9^  Sj-  (r^ 


m 


Inserting  C.  and  number  of  sides 


W 


2  2 

«  (r- 
_ Q_ 


W  P 


20736  a  C  S  -(r 
20736  g^  (r^J  oi  P  ^ 


rsl 


(112) 


«  (42)^  (45)^  (1964)  (164) _ 

20736  (32.2)(1.2)(03,333)-(42)^(45)^(164) 


W  =  276.6  lbs. 
rsl 
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Heat  Transfer  Area  Weight 

(Weight  of  active  heat  transfer  area  on  tube  disks  plus 
additional  area  required  for  manifolding  and  brazing) . 


_  (Heat  Transfer  Rate)  (Metal  Thickness)  (Metal  Density) 
WHTA  -  (Manifolding  &  Brazing  Factor)  (Heat  Flux) 


WHTA 


(3600  sec. /hr.)  (OR)  (Wa)  (^t')  '^m 
(12  in. /ft.)  Ma  q/a 


(36001  (1779.8)  (.012974)  (164)  (2083) 
WHTA=  ^2)  (0.769)  (29)  (35,384) 


WHTA  -  2987.3  lbs. 


(113) 


Total  Reboiler-Condenser  Weight 


W 


RBC 


W  .  +  W  ,  +  WHTA 
rsh  rsi 


(114) 


W _ “  162.0  +  276.6  +  2987.3 

RBC 


Wrbc  =  3425.9  lbs. 


5.  Shaft 


Cutout  Program 
Ls 
W 

’  shaft 

LRC  (Normally  taken  as  inner 

width  of  low  pressure  column) 

LHTA 

"r 

Lext 
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Shaft  Length 

Ls  =  LRC  +  12  (LHTA)  +  1^  +  L  .  (115) 

Ls  =  237.4  +  12  (6.64)+  24  +  60 
Ls  =  401.1  In. 


Shaft  Weight 

(Cylindrical  Shaft) 
W 


It  (Dg^  -  Dsj)  Ls  0 


m 


shaft 


W 


shaft 


4(1728) 

6li^ 

4  (1728) 


(116) 


«  r  (40.61^  -  (40.01^1  (401.0)(1641 


W  .  ,  =  1445.6  lbs. 

shaft 


6.  Low  Pressure  Column  Diffuser 

Data  Incut  Output  of  Program 


R' 

o 

CD 

W 

blades  -c 

^D 

Pl 

^  seal-c 

^m 

w  ,, 

coll-c 

^D 

"^1  seal 

W 

PS 

^DSI 

t  seal 

W 

DIFF-LPC 

Nssl 

P 

P 
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Diffuser  Passage  Weight 

(thin  circumferential  ring) 


W, 


blades -c 


W. 


blade  s-c 


W, 


K  S  P  m  NPSI 

1728 

2^  f57.5lH2)(Q.325Hl64H2l 
1728 


73.1  lbs, 


(117) 


blades -c 
Peripheral  Seal  Weight 

(thick  circumferential  ring) 


w 


N  , 
m  ssi 


seal-c 


17  28 


(118) 


W 


seal-c 

W  , 
seal-c 

Collector  Rings  Weight 


«  f  (57.51)^  -  (51,51)^1  (0..1875)(164)(2) 


1728 


44 . 6  lbs  . 


(circumferential  pipes  outside  diffuser) 


Wall  thickness  of  pipe  = 


(Pipe  Pressure)Rp 


'1 


/n  I  \  2  2 

(Rq)  oj  p 

Pipe  Pressure  =  P^,  +  2  g  (20736)  ' 


W 


coll-c 


pipe 

a,  (r;  *  Bp ^  V  V  1 

1728 
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*ooll-c  -  ^9  K  *  V''^ 


[R'] 
.  o-* 


2  2 
^  P, 


'"coii-c  “  ms  *  "d  "  V 


*^p'^  (20736)  2g  *  % 

_ c _ 


Since  Area  of  Pipe  = 


Therefore:  R  =-12n/ — - - 

p  « 

Let  V.  =  50  ft. /sec. 

_  lb. -moles  .  .1  lb.  mole  feed.  .31.2  lbs. fluid.  .2083  lbs. feed, 

^  lb. -mole  feed  29  lbs. feed  'lb. mole  fluid'  sec. 

G.J,  =  1965  lbs  ./sec. 

Let  the  number  of  collector  pipes  =  12 

Flow  per  pipe  =  Ji|i_  =  163.8  Ib./sec. 


For  each  pipe 


=  1.53  In. 


Substituting  numberlcal  values  and  multiplying  by  the  number  of  pipes, 
^coll-c  "  [  (57.51)  (1.53)2  +  (2)  (1.53)2+  (1.53)^] 


1728  (33,333) 


56.16  + 


(20736)  (2)  (32.2) 


W  ,,  =  75.6  lb. 

coll-c 
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Diffuser  Pressure  Shell 

(not  In  computer  proyram) 

The  diffuser  pressure  shell  is  mounted  at  the  periphery  of  the 
low  pressure  column  and  Is  used  to  apply  a  casing  pressure  equal 
to  the  low  pressure  column  peripheral  pressure  for  proper  seal 
operation. 


This  pressure  shell  Is  cylindrically  shaped  and  its  weight 
is  determined  by  hoop  tension  in  the  shell  wall. 

Wpg  =  (thickness)  (  area)  (density) 


W, 


PS 


=  ( 


W, 


P  R' 
P  o 

^1 


)  (2«  R'  b^) 


( 


m 


17  28 


PS 


W  * 
PS 


2  „  (R>)  ^  b.  P^  p  ^ 
_  o  o  p  m 


1728 


'1 


2n  C57.51_)^J94.3)  (56.16)(164) 
1728  (33,333) 


(120) 


Wpg  =  313.4  lbs. 

Total  Low  Pressure  Column  Diffuser  Weight 


W  "  W  +  W  +  W 

DIFF-LPC  blades-c  seal-c  coll-c 


+  W, 


PS 


(121) 


W 


DIFF-LPC  =  73.1  +  44.6  +  7b. 6  +  313.4 


W 


DIFF-LPC 


=  506.7  lbs. 


7.  Reboller-Condenser  Diffuser 
_ Data  Input _ 


r  ■ 
o 

'^D 

^c 

‘d 

^D  SI 

P 

P 

"^1  seal 

R 

u> 

^  seal 

P  rn 

P 

‘’l 

^ssi 

564 


Output  of  Program 

Wblades-r 

Wseal-r 

^coll-r 

^DIFF-RBC 
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Diffuser  Passage  Weight 

W 


2  n  r'  t_  p  N_  . 
o  D  D*^m  Dsi 


blade s-r 


1728 


(122) 


W 


blades-r 


2«  (42)  (2)  (0.325)  (164)  (2) 
1728 


W.  ,  .  =  52.3  lbs. 

blades-r 


Peripheral  Seal  Weight 


W 


seal-r 


1728 


(123) 


W 


seal-r 


n  f  (42)^  -  (36)^1  (0.1875)  (164)  (2) 
1728 


^seal-r  =  lbs. 


Collector  Rings  Weight 
4n 


2p 


m 


W 


coll-c 


1728  S 


1 


(r6  R  ^  +  R  ■  R  ^ 

P  Dp  p 


Pp  + 


2  2 
-  Pl 

20736  (2  g  ) 
c 


(124) 


Let  ~  50  ft. /sec. 

_  lb. -moles  ,,  1  lb. -mole  feed.  ,31.5  lb, fluid.  ,2083  lb. feed, 

lb . -mole  feed  (TrZTTTTirT)  ( 


29  lb.  feed 


lb  mole  feed 


sec . 


G.J,  =  1001  lb. /sec. 
Let  the  number  of  collector  pipes  ~  8 
Flow  per  pipe  =  lOOi/8  =  125.1  lb. /sec. 


For  each  pipe:  R 


n  (50)  (67) 


=  1.31  in. 
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substituting  numerical  values  and  multiplying  by  the  number  of 
pipes. 


W 


cdll-r 


^  ‘  1728  (33,333) 


[  (42)(1.31)^  +  (2)  (1.31)^  (1.31)^] 


[55.09 


(42)^  (45)^  (67)  , 

(2073 6) (2) (3 2. 2)  ^ 


W  ,,  =  16.4  lbs. 

coll-r 

(dlffusei  pressure  shell  is  deleted  here) 

Total  Reboller-Condenser  Diffuser  Weight 

W  •■=  W  +  W  4  W 

DIFF-RBC  blades ~r  seal-r  ^  *''coll-r 


^DIFF-RBC  =  52.3+32.6.16.4 


(125  ) 


W 


DIFF-RBC 


101.3  lbs. 


8.  Piping 

(estimate  Inputed  to  program) 

The  system  piping  is  estimated  to  weigh  87  0  lbs.  and  is 
determined  as  a  linear  function  of  separator  inlet  pressure. 

9.  Outer  Casing 

The  computer  program  presently  calculates  the  outer  casing 
surrounding  the  air  separator  as  a  prolate  spheroid  formed  by  rotation 
of  an  ellipse  about  its  axis.  This  shroud  must  sustain  the  casing 
pressure.  Its  weight  has  been  deleted  from  the  weight  and  volume 
resuUs  piesenled  in  this  report. 
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Data  Input 

R'  (maximum  outer  radius 


of  rotor) 


’ENV 


CAS 


Output  of  Program 

^CAS 

AXIS 

’^CAS 

W 

CAS 


m 

L  , 
ext 

Calculation  Procedure 


Length  of  Major  Axis 

AXIS  “  L  -  24 
s 

Outer  Casing  Mean  Surface  Area 

2jt  (R'  +  0.5)^ 

.  _  _ o _  , 

^CAS  “  144 


(Ref.  57) 

2n  (R^  +  0.5)  (^^ 


144 


773 


+  0.5) 


.AXIS, 
'  2  ' 


arc  sin-J  1 


(R'  +  0.5)' 


(126) 


(127) 


[assumes  (R6  +  0.5)(  AXIS/2,  If  not,  data  for  R©  +  0.5  and  AXIS/2 
must  be  reversed  so  that  the  square  root  of  a  negative  number  will  not 
result,  if  « 

AXIS  . 


R'  +  0.5  = 
o 


CAS 


144 


] 
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Thickness  of  Outer  Casing 


(hoop  tension  in  wall  of  ellipsoid  of  revolution) 


^CAS  - 


^^'CAS  ~ 

S, 


^  4  ' 


Outer  Casing  Weight 

W  _  ^CAS  ^in  ^CAS 
CAS  12 


(128) 


(129) 


10.  Bearing  Supports 

The  bearing  supports  are  estimated  to  weigh  190,5  lbs. 

Computer  program  is  set  up  to  obtain  weight  of  bearing 
supports  as  a  direct  function  of  the  sum  of  items  1.-8  . 

11 .  Bearings 

The  bearings  are  estimated  to  weigh  190,5  lbs.  The 
bearing  weight  must  equal  the  weight  of  the  bearing  supports. 

12.  Separation  Chambers  (not  rotating) 

The  separation  chambers  are  estimated  to  weigh  500  lbs. 
Computer  program  is  set  up  to  obtain  separation  chamber  weight 
as  a  direct  function  of  chamber  pressure. 

13.  Turbines  (Estimate  Inputed  to  Program) 

The  turbine  weights  are  estimated  as  follows: 

Product  Stream  Subcooling  Turbine 
Recirculation  Stream  Turbine 
Low  Pressure  Column  Turbine 


50  lbs. 
50  lbs. 
50  lbs. 
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t; 


Drive  and  Horsepower  Requirements 


Data  Incut 

Output  of  Proaram 

r’  or  R* 

HPF 

LPC 

o  •  0 

^LPC 

(maximum  radial  exit 

HPT 

point  for  the  2  streams) 

W 

DRIVE 

^  RBC 

HPW 

^RBC 

HPB 

Wa 

Ma 

HPS 

°HP 

0) 

g_ 

The  computer  program  calculates  the  total  air  separator  horsepower 
required  and  converts  the  figure  to  an  estimate  of  drive  weight,  The 
fluid  acceleration  horsepower  requirement  is  based  on  the  power  required 
to  accelerate  the  liquids  leaving  the  low  pressure  column  and  the 
.  reboiler-condenser  to  their  respective  peripheries  where  the  maximum 
radius  (low  pressure  column  or  reboiler-condenser)  is  used  as  the  radial 
exit  point. 


Fluid  Acceleration  Horsepower  Required 

2  2 

n  n 

HPF  »  (L  +  L  pgQ  ( ■^) 


(130) 


For  the  GD/A  cycle,  R’  =  57.51  in.  and  r'  =  42  in. 

o  0 

Therefore  R'  =  57.51  in.  is  the  proper  radius. 

0 

Substituting  numerical  values; 

2 

HPF=  [  (0.8765)  (31.2)+  (0.4424)  (31.5)]  {■^^)  (45)^ 

(•L?'~  2^  (1.818  X  10~3)  /  ■  > 

144  in."  ft. -lb. /sec. 


HPF  =  3,900  hp 


63  ASRP-2391 


569 

SECRET 


SECRET 


ASD-TDR-63-665,  Part  1 

Estimates  of  Other  Horsepower  Requirements 


Seal  Fluid  Horsepower  (HPS) 
Windage  Loss  (HPW) 

Bearing  Friction  Loss  (HPB) 


1000  hp 
20  hp 
50  hp 


Total  Horsepower  Required: 

HP_„^  =  HPF  +  HPS  +  HPW  +  HPB 

HPo-,,--  =  3900  +  1000  +  20  +  50 
REQ 

HPre,^  =  4970  hp 
Drive  Weight 


The  drive  weight  is  estimated  as  a  function  of  the 
air  separator  horsepower  requirements. 

'*'^DRIVE  ‘^HP 

'^DRIVE  = 

^DRIVE  * 

Section  6  of  this  report  presents  the  results  of  an  air  separator 
horsepower  balance  showing  that  considerable  excess  horsepower  is 
available  for  work.  As  previously  shown,  the  system  horsepower 
requirement  is  497  0  hp.  The  available  system  horsepower  calculations 
are  presented  as  follows: 

Low  Pressure  Column  Turbine 

“'“lpc-t  ■  'I-  lpc“lpc*  ‘S'  „„ 

The  peripheral  low  pressure  column  pressure  =  70.86  psla. 

Assuming  eighty  per  cent  diffuser  thermodynamic  efficiency, 
the  pressure  at  the  turbine  inlet  is  given  by  the  following: 

(R; )  2  (u  2  o 

•«  ,  t  ^  .0. _ _ _ _ E  .  r\  r\  r  .... 


'”l  (20736)’ (2gc) 


+  70.86 


/  n  \ 

-  \ .  o; 


(207  3  6)  (2)  (3  2. 2) 


P'^  =  339.4  psia 

Assuming  the  separation  chamber  is  maintained  at  7  0.86  psia  and 
that  the  turbine  thermodynamic  efficiency  is  eighty  per  cent,  the  enthalpy 
change  across  the  turbine  is  given  by  the  following:  63  ASRP-2391 
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(1.285  X  10-3 -j^^) 


(135) 


(0.3)  (144) 

(0.8)(144)(339.4-70.86)(1.285  x  10-3) 

67 

=  0.595  Btu/lb. 

Therefore: 

HPlpc.t=  [(0.8765)(31.2)]  (^^)  (0.595)(1.415) 


HP 


LPC-T  = 


Recirculation  Turbine 


^^RBC-T^^  ^  RBC  ^RBC^  ^  Ma  ^  ^T  "Btu  ^ 


(136) 


The  peripheral  reboller-condenser  pressure  =  69,79  psia. 
Assuming  eighty  per  cent  diffuser  thermodynamic  efficiency,  the 
pressure  at  the  turbine  Inlet  Is  given  by  the  following; 


P' 


L 


P' 


L 


(0.8) 

(0.8) 


’  o'  "  L 
(20736)  (2  g^.) 

(42)2  (45)2  (67) 
(20736  (2)  (32.2) 


69.79 

69.79 


(137) 


P'^  =  213.0  psla 

Assuming  the  separation  chamber  is  maintained  at 
69.79  psla  and  that  the  turbine  thermodynamic  efficiency  is 
eighty  per  cent,  the  enthalpy  change  across  the  turbine  Is 
given  by  the  following: 

=  (0.8)  (144)-^-  '1.285  X  10"^Btu/ft. -lb.)  (138) 

L 

=  (0.8)  '144)  ^^^—^^(1.285  x  10"^) 

=  0.316  Btu/lb. 
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Therefore; 


^^RBC-T  =  [(0.4424)(31.5)]  (^ )  (0.316)  (1.415) 

«Prbc-t  = 


-  ) 


Hydrogen  Turbine 


Wa 


HPh-T  =  m  a.415hp-8ec./Btu) 

from  Flyure  152, 


(139) 


AH.J,  for  the  hydrogen  turbine  =  218  Btu/lb.-mole 

The  enthalpy  change  for  the  reflux  condenser  heat 
exchanger  =  965  Btu/lb.-mole  . 


Since  QC  for  the  GD/A  cycle  =  643.3  Btu/lb.-mole  feed, 
L  “  =  0. 667  lb. -mol^lb. -mole  feed 

in  y  D  V 

dkH_  =  (218  Btu/lb.-mole)  »  108.1  Btu/lb. 

T  2 . U1 b  IDS . 


and 


substituting: 


HPh_t  =  I  (0.667)(2.016)]  (^^)  (108 .  l) (1 . 415) 
=  14,750  hp 


Total  Air  Separator  Horsepower  Output 


^^OUTPUT  ^^LPC-T  ^^RBC-T  ^^H-T 


(140) 


hPqutput" 


Output  = 
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Net  Horsepower 

"net  output  REQ  (141) 

=  16,856  -  4970 

,  K^NET*  886  hp  (EXCESS) 

15.  Total  Air  Separator  Weight 

Sum  of  component  weights,  Items  1  thru  8,  and  10  thru  14. 


WAS  ~W  +W  +W  +W  +W 
WHS  Whpc  '™lPC  KS  RBC  SHAFT 


+  w  +  w 

DIFF-LPC  DIFF-RBC 


(142) 

+  PIPING  +  BEARING  SUPPORTS 


f  BEARINGS  +  SEPARATION  CHAMBERS  +  TURBINES 
+  W 

DRIVE 

WAS  =  1390.7  +  824.1  +  95  +  3425.9  +  1445.6 
+  506.7  +  101.3  +  870  +  190.5 
+  190.5  +  500  +  150 
+  144.2 

WAS  9749  lbs. 

Welght/Unlt  Flow  Rate  =  WAS/Wa  ~  9749/2083  =  4.  68  lbs., 

lb. /sec. 

16.  Air  Separator  Volume 

The  present  method  for  calculating  air  separator  volume  is  the 
sum  of  the  volumes  of  end  sections  which  are  two  truncated  cones,  plus 
a  middle  section  w'hich  is  a  right  circular  cylinder. 


Input 

R^  (maximum  column  radius) 


Output 

Vcyl 
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Input 

LHTA 

b 

°HPG 

LPC 


b 

°LPC 


D 


SO 


L 


R 


L 


ext 


Output 

Vac 

V 

wc. 

VAS 


Cylindrical  Volume 


(Air  separator  right  cylindrical  volume  section  bounded  by  the 
maximum  outer  radius  and  axial  distance  between  the  high  and  low  pressure 
column  peripheral  width  extremities,) 


Vcyl  |.  b  +  L  +  b  , 

1728  '•  ‘^HPC  °LPC  ^ 

2 

Vcyl  ®  [  40.4  +  24  +  94.3  ] 

JL  /  4b 

Vr.yl  ^  1349.5  it.^ 


(143) 


Air  Inlet  Side  Truncated  Conical  Volume 

(Air  separator  volume  section  bounded  by  maximum  outer  radius, 
shaft  outer  radius  and  distance  between  point  of  air  inlet  and  extremity  oi 
high  pressure  column  peripheral  width.) 

L  .  “  GO,  48  included  in  V  and  12  inV 
ext  ac  wc 
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rt  [  12  (LHTA)  -  bo 


'1 


Vac  = 


'HPC 


+  48  ] 


.2  .  Pso, 


D 


3  (1728) 


(Ref.  23,  p.  57) 


(144) 


Vac  =  ""  ^  ^  (68.39)^  +  (-^)%  (^-^^68.39)  ] 


3  (1728) 

Vac  =  342.7  ft.^ 


Waste  Exit  Side  Truncated  Conical  Volume 


(Air  separator  volume  section  bounded  by  maximum  outer  radius, 
shaft  outer  radius  and  distance  between  point  of  waste  exit  and  extremity 
of  low  pressure  column  peripheral  width.) 


Vwc  = 


Vwc  = 


«  [bi  pp-bo,pp+  12]  2  °so  °so 

— - - [  (Rj  +  (^  )  +  (r;)  ] 


3  (1728) 


(145) 


"  [  (68.39)^  +  (■^)  +  (■^)  (68.39)  ] 


3  (1728) 


Vwc  =  608,9  ft. 3 


Total  Air  Separator  Volume 

VAS  =  Vcyl  +  Vac  +  Vwc  (146) 

VAS  =  1349.5  +  342.7  +  608.9 
VAS  =  2301.1  ft.^ 

ft  3 

Volume/Unlt  Flow  Rate  =  VAS/Wa  =  2301.1/2083  =  ^ '  ^^^"Ybrysec 
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APPENDIX  XVin 

COMMUNICATIONS  FROM 
GENERAL  DYNAMICS/ASTRONAUTICS 


Two  communications  have  been  received  from  General  Dynamics/ 
Astronautics,  the  Associate  Contractor  responsible  for  the  air  frame. 

The  first  conveyed  their  preferred  cycle  to  be  used  for  separator  weight 
calculations  and  the  second  contained  the  recommended  design  stresses 
for  95  per  cent  confidence  weight  calculations.  This  Information  was 
incorporated  Into  the  program . 

1.  Air  Separation  Cycle  Studies 

A  theoretical  cycle  study  was  made  using  the  General  Dynamics/ 
Astronautics  boundary  conditions  for  the  stationary  double  column  air 
separation  cycle .  The  following  conditions  were  specified; 

a.  Air  flow  -  2083  lb. /sec. 

b.  Separator  inlet  pressure  ~  225  psia 

c.  Product  purity  -  90%  oxygen  by  weight 

d.  W’ste  purity  -=  2%  of  oxygen  by  weight 

e.  Feed  air  flow  is  considered  a  binary  mixture  of  oxygen 
(20.9  mol  per  cent)  and  nitrogen  (79.1  mol  per  cent)  at  saturated 
conditions. 

f.  Waste  pressure  should  be  the  highest  absolute  pressure 
level  possible  to  avoid  Incuning  large  weight  penalties  In  the 
preconditioning  system. 

Minor  changes  were  made  in  the  suggested  specifications  to 
accommodate  the  existing  computer  program  and  the  work  statement  from 
ASD.  Feed  air  flow  Is  a  ternary  mixture  to  approximate  actual  conditions 
expected  at  the  70,000  to  100,000  ft.  altitude.  Argon  cannot  be  ignored 
at  the  desired  high  product  purity  outlined  in  the  work  statement.  Waste 
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pressure  was  mutually  established  at  56.5  psia  to  approximate  the 
54.5  psia  pressure  currently  used  by  General  Dynamics/Astronautics 
for  one  flight  trajectory.  Existing  Linde  computer  data  tapes  can  be 
used  at  this  pressure,  and  this  pressure  permits  an  inlet  pressure 
perturbation  when  compared  to  similar  studies  made  by  Lincie  ' 
for  ASD  as  a  subcontractor  to  The  Marquardt  Corporaticn . 

2.  Preliminary  Weight  and  Volume  Estimate 

For  the  preliminary  weight  and  volume  calculations,  General 
Dynamic s/Astronautics  suggested  the  following: 

General  material  (ultimate)  strength  properties  currently  used  for 
separator  design  at  95%  confidence. 

Titanium  -•  150,000  psi 

Aluminum  -  50,000  psi 

Stainless  -  180,000  psi 

Shear  strength  equals  2/3  times  tensile  strength.  Factor  of 
safety  equals  1.5  based  on  ultimate  strength.  Minimum  sheet  thickness 
equals  0.010  in.  except  in  tubular  heat  exchanger  surfaces. 


Volume  requirements  are  predominantly  fixed  by  the  dl  a  meter 
limitation.  Diameters  larger  than  16  ft.  will  require  a  major  change  in 
air  frame. 
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